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Abstract

Gas-viscous liquid bubbly and slug flow are very common in petroleum, chemical,

bioengineering, polymer, and food processing. However, there is a major knowl-

edge gap in two-phase flow research in the design of gas injectors/distributers in

very high viscosity oil systems. The present study investigates the effect of gas

injection methods in columns containing very high viscosity oils (i.e., realistic

liquids), and more specifically using 360 Pa � s viscosity oil in a 240-mm diameter

column. The effects that the radial positioning, number of gas nozzles, and their

distance from each other have on the structure of the flow in viscous liquids are

presented in detail. Electrical capacitance tomography (ECT) is used to extract

experimental data. Void fraction, bubble velocity, frequency, liquid film thickness,

and bubble length were measured and analyzed at different radial gas injection

positions. It has been observed that bubble length increases significantly by 0.3 m

when the injection nozzle is located next to the wall of the pipe. Bubble velocity

and length also increase by 0.217 m/s and 3.6 m, respectively, with increasing gas

flowrate when multiple injection points are used. Increasing the distance between

the gas injection points increased bubbles’ length by 1.2 m. Bubbles’ velocity and

frequency (at higher gas flow rate) were also increased.
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1 | INTRODUCTION

Gas–liquid flows present a problem of multidimensional
complexity due to the infinitely deformable gas–liquid inter-
face and the compressibility of the gas phase. This results in
very complex interactions where the kinetic energy is lost
in various forms: due to acceleration in the gas phase,

turbulence dissipation in the wakes of the bubbles, and
friction along the pipe wall.[1] These complex interactions
are hugely dependent on the physical properties of the
fluids as well as the geometrical parameters (boundary con-
ditions). The extent of the influence of these parameters is
not very well established, especially geometrical parameters
(injector nozzle, pipe diameter).[2] It is important from a

Received: 4 December 2020 Revised: 9 July 2021 Accepted: 5 August 2021

DOI: 10.1002/cjce.24312

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. The Canadian Journal of Chemical Engineering published by Wiley Periodicals LLC on behalf of Canadian Society for Chemical Engineering.

Can J Chem Eng. 2021;1–15. wileyonlinelibrary.com/journal/cjce 1

https://orcid.org/0000-0002-4804-6230
mailto:shara.mohammed@nottingham.ac.uk
mailto:shara.mohammed@nottingham.ac.uk
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/cjce
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcjce.24312&domain=pdf&date_stamp=2021-10-19


modelling perspective to establish whether the captured
two-phase characteristics are a result of the dynamic inter-
action of bubbles/structures or hugely dependent on the
injection method.[3] If, however the latter is prevalent, it
presents an opportunity to exploit with the aim to achieve
desired two-phase regimes for various applications. Many
operations in the oil and gas industry, chemical processes,
and certain natural phenomena such as volcanoes feature
liquids that have much lower surface tension than water
and much higher viscosity.

Understanding the behaviour of highly viscous fluids
is integral to many operations in the oil and gas industry
for transport and processing of heavy oils and many
refining applications, especially in handling lower distil-
lation products in addition to drilling fluids that can be
very viscous. It is also ubiquitous in chemical process
industries (CPI) including bioreactors and polymer pro-
duction like paints, plastic resins, and waxes. Another
important relevant industry is the food industry, where
there are very viscous liquids like gels, sugar solutions,
and chocolate. Viscous fluids handling is also prevalent
in the pharmaceutical industry. Moreover, certain natural
phenomena such as volcanoes feature very high viscosity
magma which is also mirrored in heavy metal moulding
applications, including molten eutectic salts. Predicting
the behaviour of the flow in high viscosity liquids is
essential in order to achieve a safe and efficient design of
industrial equipment. The understanding of the possible
effects that gas injection methods have on two-phase flow
characteristics assists in achieving desired flow regimes
for operational purposes (e.g., bubble flow for higher
heat/mass transfer). Moreover, investigating the effect of
different gas injection configurations on the structure of
two-phase flows helps experimentalists to design effective
and reliable gas–liquid mixers. Finally, information on
gas injection methods is of interest to many modellers
who require detailed data regarding the effects of differ-
ent inlet geometry and boundary conditions on the flow
structure during computational studies.

Most of the experimental studies investigating the
effect of gas injector geometry on gas–liquid flow use low
viscosity liquids (e.g., water). A significantly smaller
number of studies focus on viscous fluids in large diame-
ter pipes. One of the earlier studies on the topic is the
work of Herringe and Davis,[4] who observed that gener-
ally the flow becomes independent of the inlet condition
108D above the mixer point. Conversely, Sekoguchi
et al.[5] revealed significant variation in the heat transfer
rate due to differences in the void fraction profile gener-
ated by different injectors as far as 117D from the injec-
tion point. This suggests that the void fraction
dependency on inlet condition is likely to be more promi-
nent in smaller diameter flows.

Hills[6] suggested that the flow was not developed
when measured at 27D downstream from the injection
point, as evidenced by the formation of excessively large
bubbles, against expectations for the opposite. Ohnuki
and Akimoto[7] reported that the flow structure was dra-
matically different along the test section. The lower half
of the test section (up to 2.1D) near the air injection point
showed a specific structure which was affected by the
injection method. While the upper part (2.1–4.2D) did
not show a considerable effect related to the air injection
method according to the phase and the differential pres-
sure distribution in the pipe. In concordance with the
study of Hills,[6] wall peaking of the radial void fraction
profile was not observed.

Jamialahmadi et al.[8] reported that the bubble size is
dependent mainly on the surface tension of the liquid. In
addition to the liquid viscosity (which has a considerable
effect at high gas flow rates), they have also shown that
the bubble size is considerably proportional to the diame-
ter of the nozzle, and it is not affected by the liquid
height in the column. A number of studies on the effect
of the gas injection nozzle diameter showed a similar
result for the strong effect of the nozzle diameter.[9] How-
ever, Akita and Yoshida[10] reported that the bubble size
is independent of the nozzle diameter.

Hibiki and Ishii[3] reported differences in natural liq-
uid recirculation rates due to injector geometry as well as
variations in the flow regime, especially at higher gas
superficial velocities as far as 141D downstream the pipe.
Similarly, Guet et al.[11] reported that a higher efficiency
gas-lift can be achieved by injecting smaller bubbles in a
72-mm vertical pipe air-water system. They also observed
that transition to slug flow shifts to higher gas superficial
velocity when smaller bubbles are introduced. Lin
et al.[12] reported variations in bubble distribution and
radial void fraction profiles generated by a sintered and
perforated plate injectors in a 230-mm vertical tube mea-
sured at 20D.

Similarly, Prasser et al.[13] reported significant varia-
tion in the radial profiles of void fraction, gas velocity,
and bubble size distribution in a 195-mm vertical pipe
when varying the distance between the gas injection and
the measuring position between 1.1–40D. Similarly,
Omebere-Iyari et al.[14] reported that the flow develops
above 7.7D distance, evidenced by the persistence of axial
and radial void fraction profiles in addition to bubble size
distribution data. This fast development was attributed to
the higher gas density ratio, as steam was employed at
65 bar (6500 kPa). However, in their study on a naphtha-
nitrogen system, Omebere-Iyari[15] reported some varia-
tions as far as a 157D axial distance from the inlet. The
long development length was considered an effect of the
low viscosity and surface tension of the naphtha.
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Kaji et al.[16] found that the void fraction in the Taylor bub-
ble incrementally increases in relation to that in the liquid slug
with increasing axial distance. Both Taylor bubbles and liquid
slugs lengthwere found to converge around 100D distance.[17]

Rabha et al.[18] showed that bubble size grows with increasing
axial distance at higher viscosity (0.005 18 Pa � s) in compari-
son to 0.001 33 Pa � s fluid. The variation was observed
between axial distance 4.2D and 13.57D in a 70-mm bubble
column. Ibrahim et al.[19] reported that the flow almost con-
verges around 63D downstream from the injection point. It
was also reported that longer development length is needed
with increasing liquid velocity.

Besagni et al.[20] used two different injectors in a
240-mm large diameter bubble column using liquids of
varying viscosities up to 0.007 96 Pa � s. Different void
fraction profiles were produced by the two injectors with
the fine bubble injector registering higher void fraction
overall. The discrepancies seem to diminish with increas-
ing gas superficial velocity. In agreement with the obser-
vation of Ibrahim et al.,[21] it was reported that higher
viscosity reduces the influence of the inlet geometry. In a
recent comprehensive literature review by Besagni
et al.,[22] the highest viscosity studied in bubble column
applications was quoted as 0.23 Pa � s by Godbole
et al.[23] It is worth noting that this viscosity is still well
below most of the applications in the food industry and
polymer processing. In addition, higher concentration
solutions of both materials exhibit highly non-Newtonian
behaviour, especially in higher shear zones.

Ibrahim et al.[21] studied the effect of viscosity on flow
development in a 127-mm vertical pipe using three different
injector geometries and varying the viscosity from 0.005 to
0.105 Pa � s. The flow was reported to develop around 63D
axial distance except at low gas superficial velocity. In a
recent study by Mohagheghian and Elbing,[24] in a vertical
bubble column of diameter ranging between 63–102 mm, it
was reported that some variation was observed in the bub-
ble size statistics with changing the diameter and angle of
the injector nozzle. This is very expected as the flow is likely
not developed considering that the data was captured opti-
cally only above 4D axial distance.

From the review on the current studies presented above,
it is evident that there is a clear gap in the understanding of
the entrance effect in large diameter two-phase flows. It is
also apparent that the knowledge gap is rather greater for
highly viscous fluids. The present study, therefore, attempts
to bridge the knowledge and provide a unique parametric
study assessing the influence of a multitude of gas injection
geometries on the flow structure in a column of high viscos-
ity oil. The effects of changing the radial position numbers of
the gas injection nozzles, the distance between the gas injec-
tion points, and the effect of pipe wall on the structure of the
flow will be presented. The experiments were conducted

using a 240-mm diameter column and silicone oil with a vis-
cosity of 360 Pa � s. Electrical capacitance tomography (ECT)
was used to collect information about the characteristics of
the flow. Mean void fraction, Taylor bubble velocity and fre-
quency, Taylor bubble and liquid slug lengths, and finally,
the liquid film thickness were all determined for the various
radial injection positions. Finally, the experimental results
have been compared with a selection of empirical models
proposed in the literature. In this paper, a review of the pre-
vious studies on the effect of gas injection geometry on gas–
liquid flow is presented and the gap in this area is identified.
The experimental facilities including the rig, fluids, measure-
ments technique, and experimental procedure are presented
in detail in Section 2. A comprehensive discussion of the
results is presented in Sections 3.1–3.4 corresponding to the
type of the experiments. The first section contains a general
view for the characteristics of two-phase flow in high viscos-
ity oils. The second section shows the effect of the radial posi-
tion of a single injection point on the flow structure. The
next section explains the effect of the number of nozzles on
the flow characteristics by using one versus five nozzles. The
last section in the result discusses the effect of the distance
between two nozzles. Finally, the conclusions of this work
are presented in the last part of this paper.

2 | EXPERIMENTAL SETUP

The current study was conducted at the chemical engi-
neering laboratory in The University of Nottingham.
Figure 1 displays the experimental setup which was
employed in this work. The experimental rig consists of a
column of 0.240-m diameter open to the atmosphere. The
column contained silicone oil with an initial height of
3.27 m from the gas injection points. An ECT sensor was
installed at 2.5 m from the gas inlet section at the bottom
of the column. The gas injection system in Figure 1 con-
sists of two main compressed air lines to obtain a wide
range of gas flow rates, high pressure of 95 psi (655 kPa),
and low-pressure of 28 psi (193 kPa). The high-pressure
line is connected to five flow meters and pressure gauges.
Then, each line is divided into five more lines which can
be controlled separately by valves (see Figure 1). Thus, the
total number of the gas injection lines is 25 lines con-
nected to the bottom section of the columns. The gas flow
rate was adjusted and measured using seven flow meters
with ranges of 10–50, 50–100, and 100–1500 L/min. The
purpose of installing different flow indicators was to
obtain a wide range of gas flow rates. A correction equa-
tion from the manufacturer was applied to correct the flow
rates using the values of the pressure and the temperatures
obtained for each flow rate. The rig is also provided with a
temperature measurement (thermocouple) to indicate the
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temperature of the air at the gas lines beside the air-oil
mixture in the column.

The gas inlet section (see Figure 2) was designed to
allow full control of the configuration of the gas flow
inside the column by changing the number as well as the
position of the gas injection nozzles. The coloured gas
lines in Figure 1 correspond to the colours of the gas
injection points in Figure 2C. The 25 valves are num-
bered corresponding to the numbers on the gas inlet sec-
tion, as is illustrated in Figure 2C. These 25 gas injection
points are distributed equally at the bottom of the col-
umn. The dashed circular lines represent the three differ-
ent gas injection rings: they are at 40, 70, and 102 mm
from the centre of the pipe cross-section. Figure 2A is a
photo of the gas injection section showing the 25 lines
connected to the bottom of a 0.240-m diameter column.
Figure 2B is a photo of the gas inlet points from inside
the column showing the nozzles’ distribution.

2.1 | Fluids

In the present work, a high viscosity silicone oil and com-
pressed air were used to study the effect of the gas injec-
tion geometry on the flow structure. The oil (XIAMETER
PMX-200 Silicone Fluid) was provided by the Dow
Chemical Company. The dry air was supplied by two gas

lines from the laboratory compressed air main supply.
Detailed information on the fluids used in this work is
shown in Table 1.

2.2 | Measurement system

The measurement system used included an ECT sensor,
a TFLP-5000 data acquisition box, and a PC for image
reconstruction and data processing. The ECT sensor had
a 16-electrode configuration, comprising two planes with
36-mm spacing between them.

The dual-plane ECT sensor was installed at 2.5 m
from the gas injection, which is equal to 11.27D and
13.6D. This is a sufficient length for which flow develop-
ment was observed in such viscous oils experimentally.
Ibrahim et al.[21] studied the flow development in a
127-mm diameter column using different injector geome-
tries and liquid viscosities (0.004–0.104 Pa � s), they con-
cluded that the flow develops faster with increasing
liquid viscosity. This is due to the bubble coalescence
rate, which increases significantly with increasing liquid
viscosity. Moreover, the equilibrium bubble size occurs
faster due to the existence of large bubbles, which
develops bubble-induced turbulence on the flow.

ECT is a non-intrusive technique that measures the
cross-sectional distribution of capacitance inside the tube,

FIGURE 1 Experimental setup employed to investigate the effect of the methods of gas injection in high viscosity liquids[25]
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which can then be correlated to find the cross-sectional
mean phase distribution for non-conductive mixtures. In
addition, the structure velocity of the mixture can be
determined by cross-correlating the dual sensors of the
ECT signals. Azzopardi et al.[26] compared the results

obtained from ECT with those obtained from a wire
mesh sensor and found good agreement between the two
techniques. The validation and uncertainty of the ECT
measurements are exhaustively discussed by Mohammed
et al.[27]

FIGURE 2 The gas injection

section of the 0.24-m diameter column:

(A) a photographic image for the lower

section of the column connected to

25 tubes, (B) a photographic image of the

gas injection nozzles (inside the pipe), and

(C) a schematic drawing showing the

configuration of the gas nozzles at the

bottom of the columns. The colour and the

numbers of injection points correspond to

the colours and the locations of the tubes

in Figure 1

TABLE 1 The properties of the

fluids
Fluid (1): Silicon oil

Column diameter Viscosity Surface tension Density Eötvös number
(m) (Pa � s) (N/m) (kg/m3) GρlD2/δ

0.24 360 0.02 950 26 812

Fluid (2): Air

Gas injection
diameter Density Temperature

Low-pressure
gas line

High-pressure
gas line

(mm) (kg/m3) (�C) (kPa) (kPa)

3 1.225 20–23 193 655
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2.3 | Experimental procedure

In order to investigate the effect of changing the methods of
gas injection, three different experiments were conducted.
For each run in all the experiments, the data-acquisition
time was 600 s and the sampling frequency was 50 Hz
(i.e., 30 000 frames per run). The temperature and pressure
values during the experiments were also collected and used
to establish the correct volumetric flow rate from flowme-
ters. Table 2 illustrates three different experimental settings
in this work. It shows the number of nozzles, the range of
gas superficial velocity, the number of runs, and the num-
ber of repetitions for each experiment. The experimental
procedure is described in Table 2 inmore detail.

2.3.1 | Effect of radial/lateral position of a
single injection

This experiment was carried out using one gas injection
point per run at a constant gas superficial velocity of
0.04 m/s. Seven different positions were used to inject the
gas into the bottom of the column and each position was
repeated three times. These gas injection points are num-
bered as 1, 5, 7, 9, 12, 19, and 23, as shown in Figure 2.

2.3.2 | Number of gas injection points

In this experiment, two types of arrangement for the gas
injection were used to create the bubbles in both columns.
A single-injection point (1), located at the centre of the gas
injection section, and five injection points (1, 10, 15, 19, and
25) equally distributed at the bottom of the columns (see
Figure 2). For example, the radial distance between point
1 and points 10, 15, 19, and 25 is 102 mm. In addition, the
circumferential distance between points 10, 15, 19, and 25 is
approximately 53.4 mm. A wide range of gas superficial
velocities was applied to obtain different flow regimes. A
range of 0.005–0.1 m/s was used for the single nozzle while
0.005–0.063 m/s was used for the five nozzles to obtain the
same flow regimes. Each set of experiments was repeated

three times. The aim was to examine the effect of the gas
injection points on the flow structure when using more
than one gas nozzle.

2.3.3 | Distance between the injection points

This experiment examined the effect of the distance between
gas injection points on the flow structure in high viscosity
oils. Three different spacings between two gas injection
points in parallel were applied. At the same time, the effect
of the distance between gas injection points was studied at
three different gas flow rates, which created three different
flow regimes. These gas injection points were (4 and 5),
(9 and 18), and (7 and 20) (i.e., along a diametrical line pass-
ing through the centre of the pipe) as shown in Figure 2. In
total, three runs with three different gas flow rates and three
different spacings between the gas injection points (for each
gas flow rate) were used in the experiments and repeated
three times. The gas superficial velocities in these experi-
ments were 0.005, 0.01, and 0.1 m/s and a spacing of 80 mm
(points 4 and 5), 140 mm (points 9 and 18), and 204 mm
(points 7 and 20) was used for each gas superficial velocity.

3 | RESULTS AND DISCUSSION

In this section, comparisons of various flow characteristics
are drawn between the current conditions and other relevant
work in the literature. It is important to emphasize at this
point that caution must be exercised in comparing these
results since the physical conditions are very different.

3.1 | Flow characteristics

In the present work, two flow regimes and two types of
bubbles were observed over the range of gas flow rates
used. The first type includes large spherical bubbles of
diameters up to two-thirds of that of the pipe and Taylor
bubbles, in bubbly and slug flow regimes. Taylor bubbles
in such viscous oil appear with a rounded nose and a

TABLE 2 The conditions and arrangements of the experiments

Experiments
No. of gas Gas superficial velocities No. of runs/

positions � repetitioninjection points (m/s)

Effect of radial/lateral position of a single
injection point on the flow structure

1 0.04 7 � 3

Number of injection points 1, 5 (0.005–0.1),
(0.005–0.063)

(8 � 3),
(10 � 3)

Distance between the injection points 2 0.005, 0.01, 0.1 3 � 3
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0.5–2 m long end, having a diameter approximately equal
to that of the pipe surrounded by a falling film.[28,29] They
are followed by liquid slugs, which fill the space between
the large bubbles. The length of the large bubbles (Taylor
bubbles) is measured by multiplying the bubble’s velocity
and the time each bubble takes to rise through the ECT
planes. The second type consists of smaller bubbles
(daughter bubbles by Bird et al.[30]) of two different diame-
ters. One in the order of centimetres (the shapes vary
between ellipsoidal and spherical) and the other having a
diameter of a few millimetres and being spherical in
shape. They are usually distributed in the liquid slug and
the falling film. Figure 3 shows the large bubbles in bubbly
and slug flow regimes accompanied by the small bubbles
encountered in the flow. In this paper, the focus will be
mainly on the features and characteristics of large bubbles
in the column. The term large bubble is used for the large
spherical bubbles in the bubbly and slug flow regimes,
while Taylor bubble is used for the elongated cylindrical
bubbles in the slug flow regime. Increasing bubble length/
size manifests as an increase in the diameter of the spheri-
cal bubbles and the length of the Taylor bubbles. It is
worth noting that, in the case of the different sizes of bub-
bles encountered in this study, the turbulence that usually
occurs in the wake of bubbles is observed to be minimal.
This is very clearly noticeable in the absence of the cap-
shaped bubbles or bullet-shaped Taylor bubbles where the
falling liquid film around the faster-rising bubbles would
meet the liquid bulk, creating turbulent eddies in their
wake. As is plainly evident in Figure 3, these falling film
eddies are greatly dampened by the viscous forces,
resulting in a smooth, rounded tail of the bubbles with lim-
ited entrapment of daughter bubbles in their wakes.

Figure 4 shows time-resolved tomographic images of
the cross-sectional phase distribution produced by the
ECT featuring the three characteristic flow regimes cap-
tured in Figure 3. Furthermore, instances of coalescence
between bubbles in the various regimes are also captured.
It can also be seen that, due to the ill-posed nature of the
phase reconstruction problem, the smaller bubbles
trapped in the liquid bulk are not resolved but rather rep-
resented as regions of faded red colour in the liquid.
Increasing the gas superficial velocity leads to more bub-
ble coalescence as can be seen in Figure 3 at 0.023 m/s.
This can be attributed to the fact that as the gas superfi-
cial velocity increases the bubble velocity increases. In
addition, the burst of these bubbles at the top of the
column followed by a falling of the liquid film entrapping
gas bubbles and the retracting of the liquid film led to an
increase in the chance of bubble coalescence. [29]

3.2 | Effect of radial/lateral position of a
single injection point on the flow structure

The effect of a single gas injection position on the charac-
teristics of slug flow regime in viscous liquids in a

FIGURE 3 A photograph showing the structure of the flow in

a 360 Pa � s silicone oil and 240-mm diameter column at 0.005,

0.016, 0.023, and 0.036 m/s gas superficial velocities. The marked

areas show the small bubbles flow at the wakes of the large bubbles

and at the falling liquid film around the large bubbles

FIGURE 4 Electrical capacitance tomography (ECT) images of

gas–liquid flow at different velocities: gas represented in blue,

liquid in red, and mixed hues for the interface. The reconstructed

images are for a 290-mm diameter column of 330 Pa � s silicone oil
at gas superficial velocities of 0.003, 0.016, and 0.023 m/s. The

images are sets of multiple 2D image frames as 2D slices (10 000

frames)[28]
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240-mm diameter column was investigated at a gas
superficial velocity of 0.04 m/s This gas superficial veloc-
ity is selected as it can generate a series of clear ellipsoi-
dal bubbles (i.e., a fully developed slug flow), which fits
well with the scope of the current study, allowing for the
investigation of the effect of gas injection position on the
flow features of slug flows.

The time series of the void fraction obtained from the
ECT can be used to infer the behaviour of Taylor bubbles
for each of the studied cases. Figure 5 shows the time
series of the cross-sectional averaged void fraction of the
flow using one gas injection point each time/run. The
first time series (at the top) is when the nozzle at the cen-
tre of the gas injection section is used. The second one
corresponds to the flow when only the nozzle at 40-mm
distance from the centre is used. Similarly, the third and
the fourth time series in the figure are when using the
nozzles at 70- and 102-mm distance from the centre,
respectively. Void fraction in Figure 5 shows no signifi-
cant dependency on changing the position of the nozzles.
In other words, the mean void fractions at different injec-
tion positions are approximately the same (i.e., 0.381).

However, the flow structure shows some variation
with the change of gas injection position. The bubbles
seem consistent/coherent for all positions of the nozzles.
It also seems that the bubbles, using the central gas injec-
tion nozzle, are more uniform. The rate of coalescence
between the bubbles is slightly increased with changing
the position of the nozzle towards the pipe wall. At the
102-mm injection distance from the centre, the bubbles

appear to vary in length due to the increasing rate of coa-
lescence. The bubbles become longer when nozzles are
closer to the pipe wall. This might be due to wall effects,
where the no-slip condition at the wall results in a higher
shear stress region in the gas/liquid interface closest to
the wall This, in turn, could produce a reduced drag
region that would encourage bubble coalescence.[31]

Figure 6 shows the effect of changing the position of
gas injection points on the cross sectional and time-
averaged void fraction in 240-mm diameter columns. The
first and second positions, which are at the centre and
40-mm distance from the centre (nozzle 5 in Figure 2C),
represent one nozzle and one position. However, the injec-
tion points at 70 and 102 mm are used at different loca-
tions at the same circle. For example, the 70-mm radius
circle contains 8 nozzles; only nozzles 9 and 12 are used
(separately) in this case. Similarly, in the 102-mm radius
circle, which contains 12 nozzles equally distributed, noz-
zles 7, 19, and 23 are used for gas injection one at a time.

The averaged void fraction presented in Figure 6
shows no significant change as a consequence of chang-
ing the position of the gas injection nozzles. However,
the average void fraction seems slightly higher near the
pipe wall in comparison with the pipe centre. Injecting
gas near the wall improves bubble coalescence, resulting
in longer and slightly faster rising bubbles registering the
higher average void fraction. Standard error, which was
calculated from the standard deviation divided by the
square root of the number of the repeated values, was
around 0.1%.

FIGURE 5 The effect of the radial

position of a single gas injection point

on the time series of the cross-sectional

averaged void fraction in 360 Pa � s
silicone oil, 240-mm diameter column,

and 0.04 m/s gas superficial velocity.

The gas injection points locations are at

the pipe centre, 40, 70, and 102 mm

from the pipe centre. The marked areas

show the bubble coalescence along the

column
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Figure 7A–D shows the effect of changing the posi-
tion of a single gas injection point on Taylor bubble
velocity, Taylor bubble length, frequency, and film thick-
ness, respectively, at a constant gas flowrate. Likewise,
the bubbles’ velocity in Figure 7A did not show a signifi-
cant dependency on changing the positions of the gas
injection points. The velocity of the Taylor bubbles was
calculated from the cross-correlation of the void fraction
signals extracted from the two ECT planes. The time
delay between the signals of the planes was used in con-
junction with the distance between the planes to calcu-
late the bubble velocity (velocity being equal length
divided by time). Taylor bubble velocity increased slightly
by 0.0007 m/s by changing the nozzle location from the
centre to the pipe wall. This corresponds to increasing
the coalescence between the bubbles creating larger/
longer bubbles: ‘Larger bubbles rise faster because of
the balance between the buoyant weight and the drag
force’.[33]

Taylor bubble velocity, Utb = Fr√(gD), was deter-
mined theoretically and experimentally by Davies and
Taylor[34] and Nicklin.[35] Viana et al.[36] presented an
equation to determine the value of Froude number, Fr,
basing on the buoyancy Reynolds number and Eötvös
number. A universal correlation for two regions sepa-
rated by a transition region (10 < R < 200) was also pres-
ented by Viana et al.[36] The two regions consist of an
inclined region of low buoyancy Reynolds number and a
flat region of high buoyancy Reynolds number.
Azzopardi et al.[37] used liquids with different viscosities
(up to 360 Pa � s) and showed accurate values of Fr. The
rise velocity of the isolated Taylor bubble, Utb, in a

turbulent flowing liquid can be determined by the follow-
ing relationship[35]:

Utb ¼Co UgsþUls
� �þK Fr

ffiffiffiffiffiffiffi
gD

p
ð1Þ

where the coefficient Co represents the ratio of the cen-
treline to cross-sectionally average velocities, which is
equal to 1.2; Ugs and Uls are the gas and liquid superficial
velocities, respectively; K = 0.905/(1-αs)3.95, where αs is
the void fraction in the liquid slug part of the flow; Fr
is Froude number; g is gravitational acceleration; and D
is pipe diameter.

A minor modification based on a strong theoretical
support was proposed by Collins et al.[38] for Equation (1)
by Nicklin,[35] suggesting Co = 1.29. The difference in the
pipe’s diameter is the reason of the different values of Co.
Nevertheless, the higher values of Co are more suitable
for the lower flow rates.[35] A more complicated relation-
ship to calculate Co value was suggested by Dukler
and Fabre[39] and Guet et al.,[40] which is given by the
following:

Co ¼ CBc

1þ Rem
Rec

� �2h iþ C0,Re¼∞

1þ Rec
Rem

� �2h i ð2Þ

where CBc is the distribution parameter for zero liquid
input slug flow = 2.27, Rec is the critical Reynolds num-
ber = 4000, C0,Re¼∞ is the distribution parameter of large
input slug flow = 1.2, and Rem is the mixture Reynolds
number = [D ρl(Ugs +Uls)]/μl.

When compared with the analytical method proposed
by Viana et al.,[36] the ECT results showed a maximum
relative deviation of 2% (see Figure 7A).

The length of Taylor bubbles was calculated using the
threshold by relating the time of Taylor bubble obtained
from the time series with the structure velocity obtained
from the cross-correlation of the void fraction signals
from the ECT planes. As can be seen from Figure 7B, the
Taylor bubble length is significantly affected by the radial
position of the gas injection nozzles; it increased by 0.3 m
when the position of the nozzles moved from the centre
towards the pipe wall. This also confirms the finding
observed from the time series of the void fraction (see
Figure 5), in which more coalescence occurred when the
gas injection point moved towards the pipe wall, causing
an increase in bubbles’ length. The no-slip condition at
the pipe wall may lead to a higher shear stress in the
gas/liquid interface which could increase the chance of
bubble coalescence, leading to increase in the length of
the bubbles. Experimental bubble length was compared
with the approach of Khatib and Richardson,[32] who

FIGURE 6 Evolution of cross-sectionally and time-averaged

void fraction with the positioning of the gas injection nozzle at the

base of the column is shown. The figure presents time averaged

void fraction of slug flow regime in 360 Pa � s viscosity silicone oil
using a single nozzle at different positions in a 240-mm diameter

column at 0.04 m/s gas superficial velocity
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proposed an equation to calculate the length of the Tay-
lor bubble numerically. In their equation, they used the
values of the probability density function (PDF) averaged
void fraction to calculate the Taylor bubble and liquid
slug length, LTB and LS, respectively. The length of the
slug unit Lu can be calculated from the structure velocity
Ust (from cross-correlation of the two planes of the ECT)
and the frequency f of the Taylor bubble, that is,
Lu = Ust/f, where Lu = LS + LTB. Therefore, LS/Lu =

(α � αTB)/(αs � αTB). α is the overall void fraction, αTB is
the void fraction of Taylor bubble (a void fraction which
is corresponding to the higher PDF peak value), and αS is
the void fraction of liquid slug (corresponding to the
lower PDF peak value).

In general, the analytical results calculated from the
approach proposed by Khatib and Richardson[32] show
no considerable change with moving the gas injection
points.

The frequency of Taylor bubbles was calculated by
means of counting the number of individual bubbles per
unit time. The frequency of Taylor bubbles was increased
by 0.01 Hz by moving the gas injection point towards the
pipe wall (see Figure 7C).

Another parameter, which also does not show a sig-
nificant variation with change in the injection position, is
the film thickness, which is determined by the geometric
relationship δ = (D/2)(1 � √εg) as displayed in
Figure 7D.

3.3 | Number of injection points

The effect that the arrangement of the gas injection points
has on the bubble formation in a 240-mm diameter col-
umn was investigated by employing two different configu-
rations. A single injection point, which was located in the
centre of the gas injection section, and five injection points
distributed equally at the bottom of the columns (i.e., the
central nozzle 1 and the four nozzles closest to the pipe
wall: nozzles 10, 15, 19, and 25; see Figure 2). The aim is to
examine the effect of the coalescence between the bubbles
at the gas injection points on the flow structure when
using more than one gas injection.

For the range of flow rates used, two flow patterns
were mainly observed in the column: bubbly and slug
flow. The time series of cross-sectional averaged void frac-
tions obtained from the ECT show the difference in the
behaviour of the flow when using single or multiple injec-
tion points. Figure 8 illustrates the time series of cross-
sectional void fraction in the 240-mm diameter column for
two types of gas injection settings (a single centred injec-
tion point and five injection points, see Figure 2) at differ-
ent gas flow rates. In both injection settings, bubble
length/size increased with an increasing gas flowrate,
which resulted in an increasing bubble velocity.[33]

In bubbly flow (with a gas superficial velocity,
0.005 m/s), it appears that the number of bubbles (and
hence the frequency), using only a central nozzle, is

FIGURE 7 Taylor bubbles’ two-
phase flow characteristics with varying

the location of a single injection nozzle

from the centre of the column:

(A) Taylor bubble rise velocity in a

240-mm diameter column of 360 Pa � s
viscosity silicone oil, ● from electrical

capacitance tomography (ECT),

calculated from Equation (1),

CBc = 2.27; (B) experimental and

analytical lengths of Taylor bubble,

● Taylor bubble (ECT), Taylor

bubble[32]; (C) frequency of Taylor

bubbles rising in the column; and

(D) liquid film thickness around large

bubbles. In (A–D) a single gas injection
point at different positions is used at

0.04 m/s gas superficial velocity. The

standard error is calculated from the

standard deviation and the square root

of the number of repeated values
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higher than that when using five gas injection nozzles. In
addition, the individual bubbles are quite a bit bigger in
the case of the five-nozzle configuration. This can be
explained by considering the mechanics of bubble initia-
tion and detachment during the injection. When multiple
nozzles are used, initially smaller bubbles are introduced
with very small terminal velocities. They grow in size at
the injection zone until the buoyancy dominates where
they start rising, while migrating to the centre of the pipe,
hence coalescing to form bigger and longer bubbles.[26]

At gas superficial velocities of 0.036 and 0.063 m/s
(i.e., slug flow), the Taylor bubbles (using five gas injec-
tion nozzles) are longer than those when using one cen-
tral nozzle due to the bubble coalescence.

Figure 9 shows the effect of increasing the gas superfi-
cial velocity on the averaged void fraction using one gas
injection point at the centre of the gas injection section. It
also shows the effect of changing the gas superficial velocity
of the averaged void fraction using five gas nozzles. Finally,
it compares both gas injection arrangements for a wide

range of gas flow rates. As expected, the average void frac-
tion increases with increasing gas flow rates.[37]

The average void fraction is higher by 0.1 when using
five gas injection points. This is also expected as the bub-
bles are slightly longer. The standard deviation of the
average void fraction is calculated for all flowrates. It can
be observed that the void fraction in slug flow is almost
independent of the gas superficial velocity. This could be
due to the very long bubbles which appear as an open
core at a high range of gas flow rates. The nose of the
bubble bursts at the top of the column while the bubble
bottom still attaches to the gas nozzles and appears as a
gas column in the centre of the pipe surrounded by a fall-
ing liquid film on the wall. This mechanism was investi-
gated in more detail by Mohammed et al.[27]

Figure 10A–D shows the effect of increasing gas superfi-
cial velocity on Taylor bubble velocity, Taylor bubble
length, frequency, and film thickness, respectively, using
two gas injection configurations (1 or 5 s). The rise velocity
of the bubbles, which is illustrated in Figure 10A, increases
with an increasing gas flow rate for both gas injection
arrangements. Bubble velocity values appear higher when
using five gas injection points; corresponding to the larger
bubble size, they increase with increasing bubble size/
length.[41] Two different line slopes can be found in
Figure 10A. This corresponds to the flow regime transition
from bubbly to slug flows. The rise velocity of the bubbles,
which is illustrated in Figure 10A, increases with an
increasing gas flow rate for both gas injection arrange-
ments. Bubble velocity values appear higher when using
five gas injection points corresponding to the larger bubble
size; they increase with increasing bubble size/length.[41]

FIGURE 8 Single versus multiple gas injection nozzles effect

on cross-sectionally averaged void fraction time series and instances

of bubbles’ coalescence. Comparing the time series of the cross-

sectional averaged void fraction of gas flow in 360 Pa � s silicone oil
for single gas injection point (centre) with five injection points (1, 3,

15, 19, and 25) in a 240-mm diameter column. The marked areas

represent bubble coalescence

FIGURE 9 Single versus multiple nozzles effect on two-phase

mixing with increasing gas superficial velocity. Comparing the

effect of gas superficial velocity on the time-averaged void fraction

for a single nozzle at the centre of the gas injection section and five

nozzles distributed equally at the injection section at the bottom of

a 240-mm diameter column of viscous oil. Maximum standard

errors are 0.1% and 0.11% for the single and multiple nozzles,

respectively
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The average length of the Taylor bubble Ltb can be
determined by multiplying the structure velocity
(obtained from a dual-plane ECT) and the average pass-
ing time of the Taylor bubbles (extracted from the void
fraction time series). Figure 10B shows that bubble length
increases with an increasing gas flowrate for both gas
injection settings. Bubble length using five gas injection
points is greater than that using a single gas injection
point, particularly at moderate to high gas superficial
velocity. This is due to the rate of the coalescence, which
appears higher when using five injection points, as these
injection points are closest to the pipe wall.

The average length of the bubbles was observed to
increase up to 1.8 m in the case of a single gas nozzle, while
it increases significantly up to 3.6mwhen using five nozzles
for the same range of gas flow rates. Therefore, the growth
rate of the bubble’s length is higher when five injection noz-
zles are used. This can be further investigated to find the
optimum configuration to control the size of the bubbles
inside the column/pipelines for the efficient and safe design
of equipment.

Generally, bubble frequency appears to decrease slightly
with increasing the gas flowrate in both gas injection
arrangements (see Figure 10C). The frequency of the bub-
bles increases when using a single gas injection nozzle from
0.056 to 0.059 Hz for gas superficial velocities of 0.005–
0.1 m/s. Bubble frequency increased from 0.04 to 0.05 Hz
when using five gas injection nozzles for gas superficial
velocities of 0.005–0.06 m/s. This is due to the higher coales-
cence rate, which creates longer bubbles when using five
gas injection points. The increased bubble frequency could

be related to the rise of bubble velocity, which is balanced
by the growth in the bubble’s length. At higher gas flow
rate, bubbles’ frequency is approximately independent of
the gas flow rates due to the uniform Taylor bubbles that
occupied almost the entire diameter of the column and
move quite uniformly upwards.[42]

Figure 10D illustrates the film thickness around the
large bubbles, which is calculated from the mean void
fraction. Generally, the values of film thickness decrease
with increasing gas flow rates in all cases. This is due to an
increase in the size/diameter of bubbles with increasing
gas flow rates. In other words, for bubbly flow, as the bub-
bles grow, their film thickness decreases. At higher gas
flowrates (i.e., slug flow), the film thickness seems to be
independent of the gas flow rate. The same finding was
also reported by Azzopardi et al.[37] This can be attributed
to the fact that Taylor bubbles grow to occupy almost the
entire cross-section of the pipe; any increase in gas flow-
rate contributes to the growth of bubble length and not its
diameter. Comparing the effects of changing the number
of gas injection points on the film thickness, no significant
change is observed. Film thickness is slightly lower when
using multiple gas injection points as the diameter of the
bubbles is slightly larger when five nozzles are used.

3.4 | Distance between the injection
points

In order to determine the effect that the space between
the gas injection points has on the structure of flow in

FIGURE 10 Single versus

multiple gas nozzles effect on two-

phase mixing with increasing gas

superficial velocity: (A) bubbles rise

velocity, (B) bubbles length,

(C) bubbles frequency, and

(D) liquid film thickness around

large bubbles. The bubbles are

rising in 360 Pa � s silicone oil and
a 240-mm diameter column. The

standard error is calculated from

the standard deviation and the

square root of the number of

repeated values
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high viscosity liquids, two simultaneous gas injection
points were used at the bottom of the column, and the
distance between the injection points was changed for
each run. In total, three different gas flow rates (0.005,
0.01, and 0.1 m/s) and three different spacings between
the gas injection points (for each gas flow rate) were used
in the experiments and repeated three times.

In general, mean void fraction, bubble velocity, film
thickness, and bubble frequency do not show any signifi-
cant variation. In contrast, the Taylor bubble length was
observed to change. Figure 11 shows the effect of chang-
ing the spacing between two gas injection points on the
averaged void fraction at three different gas flow rates. In
addition, it shows the effect of changing the space
between three gas injection points on the liquid film
thickness around Taylor bubbles using the same gas flow
rates. The results show that, at the fixed gas flow rate,
void fraction and film thickness are not affected by
increasing distance between the injection points,
although a slight increase is shown at a higher gas flow
rate (0.1 m/s). However, increasing the distance between
the gas injection points appears to affect the length of the
bubbles, bubble velocity, and frequency. As can be seen
in Figure 12A, bubble length increases significantly by
1.2 m with increasing distance between the two gas injec-
tion points by 124 mm at the higher gas flow. Standard

errors were calculated from the standard deviation and
the square root of the number of repeated values. They
were around 0.12%, 0.13%, and 0.1% at gas superficial
velocities of 0.005, 0.01, and 0.1 m/s, respectively.

On the other hand, bubbles’ length at lower gas
superficial velocities (i.e., 0.005 and 0.01 m/s) seems to be
independent of gas injection positions (see Figure 12A).
However, at high gas flow (0.1 m/s) there is a significant
increase (from 2 to 3.2 m) in the length of the bubble
with changing gas injection points. This is synonymous
with the increased rate of bubble coalescence observed
when five nozzles are used in comparison to a single noz-
zle, as discussed earlier.

Figure 12B shows the variation of the mean bubble
velocity at different gas injection combinations. Bubble
velocity becomes sensitive to the gas injection position at
higher gas flow rates while at low gas flow rates it is seen
that there are no significant changes. Bubble velocity

FIGURE 11 The effect of increasing the distance between two

gas injection points on mean void fraction and liquid film thickness

in high viscosity oil and a 240-mm diameter column using different

gas superficial velocities. Standard errors are 0.12%, 0.13%, and 0.1%

at gas superficial velocities of 0.005, 0.01, and 0.1 m/s, respectively

FIGURE 12 The effect of increasing the distance between two

gas injection points on the flow structure in high viscosity oil and a

240-mm diameter column using different gas superficial velocities

(0.005, 0.01, 0.1 m/s): (A) bubble length, (B) bubble rise velocity,

and (C) bubble frequency. The standard error is calculated from the

standard deviation and the square root of the number of repeated

values
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increases by 0.094 m/s as the distance between both gas
injection points increases by 124 mm at the higher gas
flowrate. This increase in bubble velocity corresponds to
the increase in bubble length/size, as larger bubbles rise
faster,[33] while at lower gas flowrates, bubble velocity
seems constant due to the drag force. In high viscosity liq-
uids, for smaller bubbles drag force is more dominant; a
slight increase in bubble size at low gas velocities would
result in a negligible rise in bubble velocity. When the size
of the bubble is smaller, the surface area/volume ratio is
very high, which means the drag force dominates the bub-
ble dynamics. This increase in the bubble velocity (i.e., at a
higher gas flow rate in slug flow) could also lead to an
increase in the frequency of the Taylor bubble as shown in
Figure 12C. At lower gas superficial velocities, when
increasing the distance between injection points, smaller
bubbles are generated. As a result, bubble velocity
decreases and therefore, frequency decreases. As gas super-
ficial velocity increases, the separated nozzle improves bub-
ble coalescence, leading to larger bubbles and therefore
higher rise velocity and higher frequency. Similar to the
observed behaviour of five nozzles in comparison to the
one central nozzle addressed earlier. It should be noted
that the bubble size needs to increase beyond a particular
critical value when buoyancy overcomes drag, where the
increase in gas flowrate is manifested in increased bubble
rise velocity, and hence, frequency.

4 | CONCLUSIONS

Starting with the radial position of a single injection
point, Taylor bubble velocity increases slightly by
0.0007 m/s when diverting a single injection nozzle from
the centre towards the pipe wall by 102 mm. This is most
likely due to the lateral migration of bubbles away from
the high shear region near the wall to the centre, thus
increasing the rate of coalescence, leading to the forma-
tion of large/long bubbles that move faster in the column.
Bubbles’ length is significantly affected by the radial posi-
tion of the gas injection nozzles; it increases substantially
by 0.3 m when the gas injection points move from the
centre towards the pipe wall. Bubble frequency increases
by 0.01 Hz by moving the gas injector from the centre to
the pipe wall. The liquid film thickness is not signifi-
cantly affected by moving a single gas injection position
from the centre towards the pipe wall.

The use of five gas injection points causes both bub-
bles’ velocity and bubbles’ length to significantly increase
by 0.217 m/s and 3.6 m, respectively for an increase in
the gas flow rate from 0.005 to 0.1 m/s. Using a single gas
injector, bubbles’ velocity and length increase by
0.14 m/s and 1.8 m, respectively, with increasing gas flow

rate. Bubbles’ frequency increases by 0.008 and 0.01 Hz
when using a single and five gas nozzles, respectively,
with increasing gas flow rate. Liquid film thickness is
independent of the gas superficial velocity for both gas
injection configurations. The average void fraction is
higher by 0.1 when using five gas nozzles.

Finally, increasing the distance between the injection
points increases the length, velocity, and frequency of the
bubbles significantly at high gas flow rates. Bubble velocity
and length increase by 0.094 m/s and 1.2 m, respectively,
as the distance between the two gas nozzles increases by
124 mm. This increase in bubble velocity corresponds to
the increase in bubble length/size, as larger bubbles rise
faster, and increases bubbles frequency. At lower gas
flowrates, by increasing the distance between two injection
points, smaller bubbles generate with a lower rise velocity,
which leads to lower bubble frequency.
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NOMENCLATURE
CBc distribution parameter for zero liquid input

slug flow = 2.27[37]

Co ratio of the centreline to cross-sectionally
average velocities

C0,Re = ∞ distribution parameter of large input slug
flow = 1.2[38,39]

D pipe diameter (m)
Eo Eötvös number, ratio of the interfacial ten-

sion and viscous forces, Eo = (g ρlD
2)/σ
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Fr Froude number, dimensionless velocity, ratio
of the gravitational and inertial forces = 0.351
or 0.328

g gravitational acceleration (m/s2)
K =0.905/(1 � αs)

3.95[34]

Lu length of slug unit (m)
LTB length of Taylor bubble (m)
Ls length of liquid slug (m)
R Buoyancy Reynolds number, dimensionless

inverse velocity R = √[D3g(ρl � ρg)ρl]/μ)
Rem mixture Reynolds number, D ρl(Ugs + Uls)]/μ
Rec critical Reynolds number = 4000[39]

Utb Taylor bubble velocity (m/s)
Ugs gas superficial velocity (m/s)
Uls liquid superficial velocity (m/s)
Ust structure velocity (m/s)

Greek symbols
α overall void fraction
αs void fraction of liquid slug
αTB void fraction of Taylor bubble
δ liquid film thickness (m)
εg void fraction from the ECT
μ liquid viscosity (Pa � s)
ρl liquid density (kg/m3)
ρg gas density (kg/m3)
σ surface tension (N/m)
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