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A B S T R A C T

New experimental data are presented in this study for intermittent two and three-phase flows through
horizontal pipelines involving air, water and polypropylene pellets of sizes ranging between 1 and 2
millimeters. Flow visualization and pressure measurements were performed and are explored in this work for
intermittent flows. An automated image processing algorithm is developed to determine slug parameters of 59
flow conditions and compared with other measurements techniques. Correlations available in the literature for
predicting slug frequency are tested with the new experimental data and curves of non-dimensional parameters
are fitted to the data, the best fitting is obtained for the gas based Strouhal number against the input liquid
or gas fraction. The influence of solid particles over the slug frequency is analyzed and reported. A decrease
on the slug frequency is found when increasing solid concentrations. Finally, the influence of solid particles
on the bubble length and velocity is investigated. A stronger influence of the gas flow rate on the velocity of
the nose of the slug is observed for increasing solid concentration, together with more variability on the mean
velocity. Also, longer bubbles are obtained with higher solid concentrations.
1. Introduction

Gas–liquid two-phase flows have been the focus of numerous stud-
ies, mostly related to the oil and chemical industries. However, gas–
liquid–solid (GLS) three-phase flows, which can also be found in these
production fields, have not been studied as extensively as two-phase
flows. In the oil industry, fragments of sand or solids are often present
in the pipes. In the chemical industry many products are comprised of
solid particles that can eventually be formed from chemical reactions
involving gas and liquid phases. For example GLS phases coexist along
the flash lines of some polymerization reactors (Martínez et al., 2017).
Some authors have already reported the influence of the solid phase on
important parameters such as the flow regime (Sassi et al., 2020b) or
the frictional pressure gradient (FPG) (Rahman et al., 2013; Rosas et al.,
2018; Sassi et al., 2020b). Other authors focused on the sand deposition
in pipelines. For example, Ibarra et al. (2017) carried out experimental
and theoretical analysis of critical sand-deposition velocities in gas–
liquid–sand stratified flows, later modeled in CFD in Dabirian et al.
(2017). A four layer model was developed by Dabirian et al. (2018)
for estimating the sand bed height in stratified flows. Dabirian et al.
(2019) evaluates the models of Danielson (2007) for predicting the
sand deposition velocity in intermittent flows. Beyond these studies,
most of the available literature on GLS three-phase flows focuses on the
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transport of solids, without further analysis on the influence of solids
on flow dynamics.

A deep understanding and prediction of the fluid dynamics of
multi-phase flow systems is crucial for the design and construction of
processes in these industries. Numerical studies are often a very useful
tool to assist in the design process (Pineda-Pérez et al., 2018; Akhlaghi
et al., 2019). However, to obtain reliable results it is necessary to vali-
date the numerical models with experimental data, which represent an
essential and very helpful tool to thoroughly understand the dynamics
and interaction of the different phases involved. Flow regime, frictional
pressure drop, hold-up (or void fraction) and deposition velocity are all
essential parameters for multi-phase facility design. These parameters
are in general governed by basic characteristics such as flow orienta-
tion (Lu et al., 2018), pipeline diameter (Taitel and Dukler, 1976; Kong
et al., 2018a), superficial velocities and slippage (Kong et al., 2018c),
and the physical properties of fluids and solids (Bhagwat and Ghajar,
2014).

Intermittent two-phase flow regimes, such as plug and slug flows,
are characterized by having two clear differentiated structures, which
move intermittently along the pipe, both in space and time (see Fig. 1).
These are: (i) a liquid pocket filling the cross section of the pipe, which
might contain dispersed bubbles in the case of slug flows and very
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Nomenclature

Variables

𝐴 Cross-sectional area [m2]
𝐶𝑠 Solid concentration (volume fraction)
𝐷 Internal diameter of the pipe [m]
𝑑 Particle diameter [m]
𝑓 Frequency [Hz]
𝐹𝑟 Froude number, 𝐹𝑟 = 𝑈2∕𝑔𝐷
𝐺 Mass flow rate [g/s]
𝑔 Acceleration of gravity (9.81 m∕s2)
𝐻 Hold-up
𝑗 Superficial velocity [m/s]
𝐿 Length [m]
𝑃 Pressure [Pa]
𝑅𝑒 Reynolds number, 𝑅𝑒 = 𝑈𝐷∕𝜈
𝑆𝑡 Strouhal number, 𝑆𝑡 = 𝑓𝐷∕𝑈
𝑇 Temperature [◦C]
𝑡 Time [s]
𝑈 Velocity [m/s]
𝑧 Axial coordinate [m]
f Darcy–Weisbach friction factor

Greek Symbols

𝛼 Void fraction
𝜆 Input fraction (𝜆𝑓 =

𝑗𝑓
𝑈𝑀

)

𝜇 Dynamic viscosity [Pa s]
𝜈 Kinematic viscosity [m2∕s]
𝜌 Density [kg/m3]

Subscripts

𝑎𝑡𝑚 Atmospheric conditions
𝑏 Bubble
𝑓 Liquid phase indicator
𝑔 Gas phase indicator
𝑙𝑝 Liquid pocket
𝑀 Mixture indicator
𝑚𝑜𝑑 Modified
𝑆 Slug
𝑠 Solid phase indicator

Abbreviations

𝐺∕𝐿 Gas–liquid mixture
𝐺∕𝐿∕𝑆 Gas–liquid–solid mixture
AAPD Averaged absolute percentage difference
APD Averaged percentage difference
DAS Data acquisition system
FPG Frictional pressure gradient
FPS Frames per second
LESLIE Low prESsure muLtIphasE flow loop
LSI Line-scan image
MSE Mean squared error

few or even none bubbles in plug flows, followed by (ii) an elongated
bubble at the top of the pipe traveling over a film of liquid that lays
at the bottom. Both structures, considered together, conform the slug
unit cell. Fig. 1 shows schematic slug units both for plug (left) and
slug (right) flows. The main differences between plug and slug flow
2

PT Pressure tap
RMSPD Root mean squared percentage difference
VDF Variable frequency drive

regimes are that in plug flows, elongated bubbles exhibit round and
smooth noses without any significant detachment of small bubbles into
the liquid pockets. Whereas in slug flows the interface of the elongated
bubbles is wavy, the nose present a bullet shape and several small
bubbles are detached from the elongated bubbles into the liquid pockets
(entrained gas fraction). The transition between plug and slug regimes
has been addressed in a previous publication (Sassi et al., 2020b) for
two and three phase flows, however there is not a general consensus on
how to differentiate these two regimes (Arabi et al., 2020a, 2021). More
details on plug and slug flows characteristics and the transition between
these regimes can be found in Talley et al. (2015), Kong et al. (2018b),
Thaker and Banerjee (2017) and Sassi et al. (2020a). Moreover, the
influence of solid particles in the dynamics of intermittent flows are
reported in Sassi et al. (2020b) and Rosas et al. (2018).

Comprehensive understanding of multi-phase flows is important for
several aspects of the industry, specially when intermittent flows are
involved. On the one hand, several industries try to avoid the operation
in these flow regimes, such is the case of the oil industry, where control
strategies are developed to mitigate or reduce intermittent flows (God-
havn et al., 2005). The constant presence of intermittent flows can be
destructive for the pipelines in the long term, due to the impact that
it exerts on the momentum and frictional pressure gradient, especially
for long piping systems, where flow rates can fluctuate significantly
both in space and time and may induce vibrations (Deendarlianto et al.,
2019). Moreover, the slug frequency (the number of slug unit cells
that pass through a specific cross section in the pipe per time unit),
which can also vary for different settings, could eventually lead to
resonance problems (Thaker and Banerjee, 2016b). Furthermore, it can
also drive to flow induced corrosion (Thaker and Banerjee, 2016a) and
flow accelerated corrosion (Zhai et al., 2018).

On the other hand, numerous processes, mainly in the chemical
industry, require the presence of intermittent flows for ensuring the
efficient development of processes, where mass and heat transfer occur
through the interface of the phases. In these cases, special criteria must
be considered for the construction of the facilities.

The study of the dynamics of intermittent flows entails great com-
plexities, due to the inherent random nature of slug frequency (Al-
Safran, 2016). Several phenomena contribute to that randomness, such
as slug initiation, break-up and coalescence of elongated bubbles, which
are also random processes themselves. Further details on slug initiation
and development can be found in Al-Safran (2009).

The prediction of slug frequency has been already addressed by
several authors, and different measurement techniques have been de-
veloped. Counting slug units from video recordings is a widely used
method, especially as a comparison tool due to its high fidelity. Also,
the inference of the slug frequency from time signals has been the focus
of several studies. Void fraction signals obtained from capacitance or
impedance sensors, interface density functions obtained with probes
(capacitance or optical) and differential pressure signals are some
examples of the signals used in the literature. Furthermore, the most
employed approaches to obtain the frequency from the signals are (i)
counting peaks above certain threshold and (ii) calculating the power
spectral density of the signal to obtain the dominant frequency. Within
the counting methods, the Wilkens and Thomas method is based on
counting the peaks that reach a certain threshold, on a signal obtained
from a differential pressure measurement between two pressure taps.
The authors considered that the transit of a liquid pocket between the
two taps would produce a greater pressure loss than the presence of an
elongated bubble. Table 1 summarizes some relevant studies on slug
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Fig. 1. Scheme of plug and slug flow regimes.
-

frequency in horizontal pipelines, their corresponding experimental
techniques and conditions during the measurements, as well as their
main findings or proposed correlations.

Arabi et al. (2020b) and Lin et al. (2013) carried out experimen-
tal analyses of the slug frequency using differential pressure signals.
Comparison of counting peaks, Wilkens & Thomas and PSD meth-
ods were performed. Arabi et al. (2020b) found the best predictions
with the PSD, while Lin et al. (2013) obtained the best predictions
with the counting method with a lower threshold (Wilkens & Thomas
method). Both counting and spectral methods provide precise results
for relatively low velocities. However, when flow velocities increase,
the slug frequency is no longer dominated by a single frequency, and
several frequencies with similar power can be observed. Bertola and
Cafaro (2002) also made a comparison between the counting and PSD
methods from density function signals obtained with an optical probe.
They conclude that despite the better precision obtained with the
counting method (±1%) the PSD provides better insight of intermittent
flows, as it takes into account the presence of harmonic components.
Most of the correlations used for predicting the slug frequency are
deterministic, as they provide one single value of frequency. Al-Safran
(2016) proposed a probabilistic model, using Poisson probability theory
to take into account the random behavior of the slug frequency and also
the systematic errors derived from the use of experimental instruments.

For measuring elongated bubbles parameters, such as length and
translational velocity several authors proposed different techniques.
Thaker and Banerjee (2016b) performed a flow visualization analysis
of the slug frequency measuring the time interval between slugs from
images taken at 1600 FPS. They also measured bubble length and
velocity with image processing. Wang et al. (2007) measured slug
frequency, translation velocities of elongated bubbles and lengths of
liquid slugs and elongated bubbles with pairs of conductivity probes.
They concluded that slug frequency is dependent on Froude number
and the distance from the entrance in the higher mixture velocity
range. Hout et al. (2002) measured elongated bubbles translational
velocity for horizontal and inclined pipes for comparison with available
correlations. They cross-correlated the output signals of consecutive op-
tical fiber probes and also used image processing technique. Al-Kayiem
et al. (2017) performed optical measurements with high speed camera
for characterizing slug frequency, length and translational velocity.
They found that the slug parameters depends on the distance from the
entrance.

The present study analyzes the slug frequency, velocity and length
of intermittent two and three-phase flows, gas–liquid and gas–liquid–
solid, respectively. Section 2 describes the experimental setup and
the methodology followed with data acquisition and processing, to-
gether with sensitivity analysis and calibration of the measurements
techniques. The results are discussed in Section 3. First a comparison
between different measuring techniques of slug frequency is presented.
Then, frequency results for two and three-phase flows are described and
the effect of solid particles over the slug frequency is discussed. Corre-
lations for two-phase flow slug frequency are tested and finally mea-
surements of bubble velocity and length are shown. The conclusions of
this research work are outlined in Section 4.
3

2. Experimental facility & methodology

Measurements were performed at the Low prESsure muLtIphasE
test loop (LESLIE) installed at the multi-phase flow laboratory of the
Universitat Rovira i Virgili (Tarragona, Spain). The facility has 30 mm
ID acrylic pipes and was designed for investigating gas–liquid (G/L) and
gas–liquid–solid (G/L/S) flows in horizontal and vertical orientations.
In the present study, experiments were performed for two and three-
phase intermittent flows in the horizontal test section, sketched in
Fig. 2. The test cases involved compressed air, water and polypropylene
pellets (𝑑 = 1 − 2 mm, 𝜌𝑠 = 866 kg/m3) as the gas, liquid and solid
phases, respectively. More details of the experimental facility can be
found in Sassi et al. (2020a,b).

2.1. Air system

Compressed air is taken from the University line at 8 bar, already
filtered and dried. Air flow rates are measured and controlled with an
Omega mass flow controller, which uses the principle of differential
pressure within a laminar flow field to determine and control mass
flow rate with an accuracy of ±0.8% of the reading. Finally, a one-way
check valve that is located just before the air is delivered to the mixing
chamber. Four air mass flow rates were used during the experiments,
0.75, 1.25, 2.0 and 4.0 g/s.

2.2. Water/slurry system

Tap water is stored in a 100 liter PVC parallelepiped tank. Polypropy
lene poly-dispersed pellets ranging between 1 and 2 mm were collected
with corresponding sieves. For the three-phase flow runs, the solid
pellets are added in the tank. An Ebara 7.5 kW centrifugal pump with
a 224 mm (AISI316L) closed impeller is used to deliver solid–liquid
phases to the test section. A recirculating line from the discharge to the
storage tank ensures the mixing of the liquid and solid phases in the
tank. The flow rate is measured with an Isoil MS2500 electromagnetic
flow meter with an accuracy of ±0.8%. Measurements were carried
out for 5 flow rates of liquid (or slurry) which represent superficial
velocities in the test section of 0.85, 1.00, 1.5, 2.0 and 2.5 m/s, and
for volumetric concentrations of 0% (two-phase), 10% and 20% of
polypropylene pellets. The volumetric concentration is calculated with
Eq. (1) where 𝑉 is the volume reading of a graded recipient and 𝐶𝑚𝑎𝑥
is the maximum packing concentration, it was determined to be 𝐶𝑚𝑎𝑥 =
0.585 by submerging the particles in ethanol (𝜌𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = 789 kg∕m3).

𝐶𝑣𝑜𝑙 =
𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 × 𝐶𝑚𝑎𝑥

𝑉𝑤𝑎𝑡𝑒𝑟 + 𝑉𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 × 𝐶𝑚𝑎𝑥
(1)

2.3. Measurements

Measurements are reported for two and three-phase flows in the
plug to slug transition zone with relatively high liquid superficial
velocities (or slurry in the case of three-phase flows). The summary of
the runs can be seen and compared with the regime map in Fig. 3, the
transition from plug to slug flow is indicated with a dashed line for two
phase flows and with a dot-dashed line for three-phase flows with 10%
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Table 1
Previous studies on slug frequency in horizontal pipelines.

Author D [mm] L/D Superficial
velocities [m/s]

Measurement technique Correlation/findings

Gregory and Scott
(1969)

19.1 300 𝑗𝑓 = 0.6–2
𝑗𝑔 = 0.3–8

Counting liquid slugs from visual observation with
stopwatch and counting slug pressure pulses on
the strip chart

𝑓𝑆 = 0.0226
[ 𝑗𝑓
𝑔𝐷

(

19.75
𝑈𝑀

+ 𝑈𝑀

)]1.2

Fetter (1988) 70
82

– 𝑗𝑓 = 0.1–4
𝑗𝑔 = 0.5–20

Signal processing from clamp-on acoustic
two-phase flow-meter. Developed with two
accelerometers clamped to the pipe wall (2 meters
apart).

𝑓𝑆 = 0.0175

[

𝑗𝑓
𝑔𝐷

(

21.3 + 𝑈 2
𝑀

𝑈𝑀

)]1.37

Manolis et al.
(1995)

78 363 𝑗𝑓 = 0.5–1.25
𝑗𝑔 = 1–7

Water hold-up from gamma densitometer at
sampling frequency of 25 Hz, two conductivity
probes (60 cm. separation) and high spreed video
camera (50 FPS).

𝑓𝑆 = 0.037𝐹𝑟1.8𝑚𝑜𝑑 ,

𝐹𝑟𝑚𝑜𝑑 =
𝑗𝑓
𝑔𝐷

(

𝑈 2
𝑀,𝑚𝑖𝑛 + 𝑈 2

𝑀

𝑈𝑀

)

Bertola and Cafaro
(2002)

80 96, 101, 104 𝑗𝑓 = 0.6–2
𝑗𝑔 = 0.3–8

Counting peaks above threshold and PSD of phase
density function from optical probe at 2 kHz.

–

Fossa et al. (2003) 40

60

95, 148, 151,
255
33, 100, 160

𝑗𝑓 = 0.6–3.0
𝑗𝑔 = 0.3–4.0

Void probability density function from impedance
meter (20 kHz) and comparison with slug
residence time from fast camera.

𝑆𝑡𝑔 =
𝑓𝑆𝐷
𝑗𝑔

=
0.044𝜆𝑓

1 − 1.71𝜆𝑓 + 0.7𝜆2𝑓

Wang et al. (2007) 50 1157, 2609 𝑗𝑓 = 0.16–1.5
𝑗𝑔 = 1–20

Reciprocal of slug unit period, calculated with
gas–liquid interface density function, from pairs of
conductivity probes.

𝑆𝑡𝑔 =
0.05𝜆𝑓

1 − 1.675𝜆𝑓 + 0.768𝜆2𝑓

Wilkens and
Thomas (2008)

52 145–280 𝑗𝑓 = 0.36–0.59
𝑗𝑔 = 1.5–10

Counting peaks above threshold from differential
pressure transducers signal.

Wilkens and Thomas method

Al-Safran (2009)a 50.8b 3898, 6920 𝑗𝑓 = 0.06–1.2
𝑗𝑔 = 0.64–4.27

Liquid hold-up from capacitance sensors. ln
(

𝑓𝑆
)

=

0.8 + 1.53 ln
(

𝑈𝑓
)

+ 0.27
(𝑈𝑠𝑙𝑖𝑝

𝑈𝑀

)

− 34.1𝐷

𝑈𝐿 =
𝑗𝑓
𝐻𝑓

, 𝑈𝑠𝑙𝑖𝑝 =
𝑗𝑔

(

1 −𝐻𝑓
) −

𝑗𝑓
𝐻𝑓

Thaker and Banerjee
(2015)

25 30, 60, 120,
190, 260

𝑗𝑓 = 0.11–0.74
𝐺𝑔 = 0.13–2.6 g/s

Time interval between slugs calculated from
images taken at 1200 FPS.

𝑓 ′
𝑆 =

1.52 × 10−8
(

𝐿
𝐷

)−0.14
(

𝑅𝑒𝑓
)1.45 (𝑅𝑒𝑔

)0.28

Thaker and Banerjee
(2016a)

25 – 𝑗𝑓 = 0.02–1.14
𝑗𝑔 = 0.484–4.312

Time interval between slugs calculated from fast
camera images.

Erosion-corrosion map

Thaker and Banerjee
(2016b)

– – 𝑗𝑓 = 0.194–0.971
𝑗𝑔 = 0.484–3.388

Time interval between slugs calculated from
images taken at 1600 FPS.

𝑆𝑡𝑀 =
0.036𝜆𝑓

1 − 1.432𝜆𝑓 + 0.739𝜆2𝑓

Al-Safran (2016) 25–203 – 𝑗𝑓 = 0.03–2.89
𝑗𝑔 = 0.06–16.5

Data taken from experimental data base. ln
(

𝑓𝑆
)

=
1.51 − 17.04𝐷 + 0.77 ln(𝑗𝑓 ) − 0.181 ln(𝑆)

𝑆 =
𝑈𝑔

𝑈𝑓
= 1 + 1.95

( 𝜇𝑓

𝜇0

)0.01 ( 𝑗𝑔
𝑗𝑓

)1.5

Archibong-Eso et al.
(2018)c

25.4
76.4

190
220

𝑗𝑓 = 0.03–0.31
𝑗𝑔 = 0.1–7.0

Counting peaks above threshold of void fraction
signals from electrical capacitance. Comparison
with counts from visual observation with
fast-camera and two gamma densitometers.

ln(𝑓𝑆 ) = 𝛽 ln
[

𝜆
𝜑𝑛

]

𝜑 =

⎡

⎢

⎢

⎢

⎣

𝐷3∕2
√

𝜌𝑓
(

𝜌𝑓 − 𝜌𝑔
)

𝑔

𝜇𝑓

⎤

⎥

⎥

⎥

⎦

(𝛽, 𝑛) =
{

(0.75, 0.55) Re𝑆𝐺 ≤ 2500
(0.35, 1.02) Re𝑆𝐺 > 2500

Al-Alweet et al.
(2020)

20b 170 𝑗𝑓 = 0–1.06
𝑗𝑔 = 0–5

Frequency and statistical analysis of liquid hold-up
signals from two-electrodes capacitance sensor.

Identification of flow patterns

Arabi et al. (2020b) 30 173.3–193.3 𝑗𝑓 = 0.15–0.8
𝑗𝑔 = 0.4–3.6

Comparison of counting slugs, Wilkens and
Thomas and PSD methods using differential
pressure transducers signals.

𝑆𝑡𝑔 =
𝐴𝜆𝑓

1 + 𝐵𝜆𝑓 + 𝐶𝜆2𝑓
𝐴 = 0.06327; 0.04071; 0.04234d

𝐵 = −1.855; −3.105; −4.271d

𝐶 = 1.163; 4.188; 13.860d

Arabi et al. (2020a) 25–76.3 – 𝑗𝑓 = 0.03–2
𝑗𝑔 = 0.046–0.786

Data taken from experimental data base. 𝑆𝑡𝑔 =
0.03693𝜆𝑓

1 − 1.865𝜆𝑓 + 0.9118𝜆2𝑓

aAir/oil as working fluids.
bMeasurements with inclined orientations are also reported.
cAir/water and air/oil as working fluids.
dPlug, low aerated slug and highly aerated slug flows.
of solid volumetric concentration. The latter was determined in Sassi
et al. (2020b), no line is available for 20% of solid concentration. A
total of 20 runs of two-phase flows are indicated with circles while
three phase flows with 10% and 20% of volumetric solid concentration
are shown with black and red crosses markers respectively. The values
4

of the solid concentration were chosen as representative because in a
previous work it was found little impact for 5% of solid concentration.
Note that equivalent sets have been used for two and three-phase flows
with 10% of solid loading and only 19 runs are reported with 20% of

solid concentration (red crosses) as the most demanding setting was
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Fig. 2. Schematic of the test section.
Fig. 3. Summary of experimental runs in the regime map. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

beyond the power of the slurry pump. Each flow regime is carefully
identified using fast camera recordings and all of them are consistent
with the flow regime map limits. More details on the flow regime
identification and the transition boundaries are described in Sassi et al.
(2020b).

The gas superficial velocity is calculated locally, at the test section,
with Eq. (2), where 𝐺𝑔 is the mass flow rate reading, 𝐴 is the cross
section area and 𝜌𝑔 is the gas density. The latter is calculated using the
ideal gas equation (Eq. (3)) with the measured absolute local pressure
𝑃 and the absolute mixture temperature 𝑇 . Pressure measurements are
performed with Omega differential pressure transducers. The differen-
tial pressure inside the pipe is measured with a 5 psi transducer and
the gauge pressure measurement is preformed with a 15 psi transducer,
as indicated in Fig. 2. Data is collected with a data acquisition system
(Agilent 34970 A) at 50 samples per second.

𝑗𝑔 =
𝐺𝑔

𝜌𝑔 ⋅ 𝐴
(2)

𝜌𝑔 = 𝑃 (3)
5

𝑅𝑎𝑖𝑟 ⋅ 𝑇
Table 2
Summary of methods for measuring slug frequency.

Method Approach Measurement Output

Line-scan image
(LSI)

Counting slug units &
residence time in LSI

Fast camera
visualization

Distribution of
frequencies

Wilkens and
Thomas

Counting peaks Differential
pressure

Main frequency

Power spectral
density

Fourier analysis Differential
pressure

Power distribution of
frequency components

Power spectral
density

Fourier analysis Mean
intensity of
LSI

Power distribution of
frequency components

2.3.1. Slug frequency
Slug frequency is measured with four different methods including

counting the peaks above a certain threshold of the static pressure
signal and through the power spectral density of the pressure signal.
The description of the methods together with examples of the signals
can be found in Appendices A and B. A summary of the methods are
listed in Table 2.

The slug frequency obtained with the line-scan image (LSI) method
is used as the reference method. The LSI is constructed with images
taken at 3200 frames per second (FPS) with a Photron Mini UX100 fast
camera with a 22 mm lens. Images were captured in the test section,
150 D downstream the mixing chamber when the flow was statisti-
cally fully developed, at 3200 frames per second with a resolution of
1 × 640 pixels in the axial and vertical directions respectively. For each
run, 75 s of images were taken, corresponding to a total of 240,000
frames per run. Each image has been pre-processed with background
subtraction and histogram stretching to enhance contrast. The line-scan
image is made by placing one frame next-to each other. In this way, a
240,000 × 640 pixels image is obtained. The vertical coordinate of the
resulting image corresponds to the vertical axis of the pipe, and the
horizontal axis is the evolution in time of the flow state as it passes
through the selected cross section (during 75 s).

In the line-scan image, the noses and tails of the elongated bubbles
can be easily identified. The upper panel of Fig. 4 shows a portion of
the line-scan image corresponding to the first second of a two-phase
flow run. The blue and red vertical lines correspond to the location
of the noses and tails of the elongated bubbles respectively. In order
to identify the noses and tails, the mean intensity of the image is
calculated in the vertical axis, zero-meaned and filtered with a low
pass filter (moving mean of the signal with a width of 20 samples).
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Fig. 4. Bubbles location for a two-phase flow run, 𝑗𝑓 = 1.5 m∕s and 𝑗𝑔 = 0.58 m∕s. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
Fig. 5. Slug unit frequency histogram and probability distribution, two-phase flow
𝑗𝑓 = 1.5 m∕s and 𝑗𝑔 = 0.58 m/s.

The filtered signal corresponding to the line-scan image is plotted in
the bottom panel of Fig. 4 for the same time interval. It can be seen
that for this particular regime, the filtered signal in the presence of a
bubble is less than zero and greater in the presence of a liquid slug.
Thus, noses can be identified when the filtered signal crosses the zero
downwards and tails when crosses it upwards.

Since the horizontal axis of the line-scan image is a measure of time,
the distance between two consecutive noses (two blue lines in Fig. 4)
is a measure of the residence time of a slug unit. This is nothing more
than the period of an individual slug unit, and therefore its inverse
is the frequency. It is then possible to calculate a frequency for each
individual slug unit and plot a frequency histogram for each run. Fig. 5
shows the histogram of slug unit frequencies for a two-phase flow with
𝑗𝑓 = 1.5 m∕s and 𝑗𝑔 = 0.58 m∕s. In total, 555 slug units were identified
in 75 s, representing an average frequency of 7.4 Hz (red line in Fig. 5).
6

It can be seen that the histogram from Fig. 5 is right skewed,
here the blue dots correspond to the Poisson probability distribution.
The distribution fits well the experimental data in the histogram, in
agreement with Al-Safran (2016). The red dashed line represents the
standard deviation of the distribution, which in the case of the Poisson
distribution corresponds to the square root of the mean value.

2.3.2. Bubble velocity & length
Velocity and length of elongated bubbles are also measured with

optical techniques. The full methodologies for the bubble length and
velocity are described in Appendix B.2 together with its validation,
a sensitivity analysis of the method and the pixel size measurement
procedure.

3. Results and discussion

Results are presented for two and three-phase flows, including
volume concentrations of 10% and 20% of solid. First, the results
regarding slug frequency are presented for all runs including mean
frequency and frequency distributions. Then, the effect of several pa-
rameters on the velocity of the slugs is reported. Finally, the bubble
length measurements are discussed.

3.1. Slug frequency

Comparison of different measuring techniques
At the first instance, the four methods for calculating the slug

frequency, indicated in Table 2 are compared for two-phase flow, using
the frequency obtained with line-scan image method (LSI frequency) as
the reference frequency. In Fig. 6 the LSI frequency is in the horizontal
axis and the prediction of the rest of the methods in the vertical axis.
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Fig. 6. Comparison of different measuring techniques, two-phase flow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
The red and blue symbols correspond to the Wilkens and Thomas
method, using 25 and 50 cm of pressure tap spacing (𝑊 𝑇25 and 𝑊 𝑇50),
respectively. The green symbols represent the frequencies obtained by
the power spectral density of the pressure signal. The orange markers
are obtained by calculating the dominant frequency of the PSD applied
to mean intensity of the line-scan image (Fig. 4b). Squares and circles
represent plug-to-slug transition and slug flows, respectively. The mean
squared error (MSE), calculated with Eq. (4), is presented for the four
methods in the legend.

𝑀𝑆𝐸 = 1
𝑛

𝑛
∑

(

𝑓𝑆 − 𝑓𝑆
)2 (4)

It can be seen that the Wilkens & Thomas method provides some
good approximations for the mean frequency, however there are some
measurements that exhibit relevant discrepancies. The mean squared
error (MSE) for 𝑊 𝑇25 and 𝑊 𝑇50 are 1.5 and 2.65 Hz2, respectively.
For low liquid velocities (and therefore low frequencies) with reduced
system pressures, the Wilkens & Thomas method tends to overestimate
the slug frequency and as the liquid velocities increase, so does the
system pressure, and the measurements become more accurate when
compared with the LSI method.

The PSD of the pressure signals provides some good approximations
of the main frequency, such is the case of the example from Fig. A.22,
where a prominent peak is seen in the three pressure signals. But again,
for some runs the deviation from the counting method is significant
and the MSE is about 2 Hz2. Also, in some runs there is not a clear
prominent peak in the spectrum, as illustrated in Fig. A.23, where the
three PSD’s correspond to the same run. In these cases it is hard to
obtain a main frequency from the PSD. So, for runs like this, further
analysis is required to determine the mean slug frequency.

Finally, by applying the PSD to the LSI signal (see Fig. 4b) better
results are obtained with a MSE of 1.06 Hz2. As an example, the PSD
of the signal from Fig. 4b is presented in Fig. B.24. It can be noted that
several frequencies have similar energy in a range from about 4 Hz
up to 10 Hz. However, the highest peak (at 𝑓 = 5.69 Hz.), does not
correspond to the mean frequency obtained by counting the slug units
in the line-scan image (𝑓 = 7.42 Hz).

Influence of the concentration of solid phase
The measured slug frequencies for all the runs are presented in

Fig. 7, where the LSI frequency is plotted against the liquid (or slurry)
superficial velocity. Figs. 7a to 7c correspond to the measurements
7

for two-phase flow and three-phase flow with 10% and 20% of solid
loading, respectively. The filled symbols indicate different gas mass
flow rates (note that as the liquid velocity increases so does the pressure
of the system, and thus the gas velocity decreases for identical mass
flow rate). The white, green, yellow and gray markers indicate a gas
mass flow rates of 0.75, 1.25, 2.00 and 4.00 g/s, respectively. The
dashed lines connect the circles with the same gas mass flow.

Fig. 7 shows the strong influence of the liquid superficial velocity
on the slug frequency of two and three-phase flows, which has been
already identified and addressed by several authors for gas–liquid two-
phase flows systems (Arabi et al., 2020a). It is worth noting that the
solids used in these measurements are polypropylene particles, which
float in water and tend to accumulate in the upper part of the tube and
mainly in the tail of the elongated bubbles (Sassi et al., 2020b). Figs. 7a
to 7c reveal that the influence of the gas superficial velocity becomes
stronger at higher liquid superficial velocities. This is clearly because
of the divergence of the dashed lines as the superficial liquid velocity
is increased. Finally, there is a modest influence of the solid phase on
the slug frequency. When comparing Figs. 7a to 7b, a slight decrease
in the mean frequency is observed in the runs with solid particles. Also
when comparing the corresponding runs in Figs. 7b and 7c, another
small decrease is shown. These results suggest that, for increasing solid
concentrations, there is a decrease of the slug frequency. This could
be explained because of the accumulation of solid particles in the tail
of the elongated bubbles, that difficults the detachment of the bubbles
from the tail, as reported in Sassi et al. (2020b). If the detachment
of bubbles is reduced, the elongated bubbles contain more air and
therefore appear longer. Longer bubbles for the same set of superficial
velocities results in a lower frequency, as fewer slug units will be
counted in the same time interval.

Note that the plotted frequencies in Fig. 7 represent the mean
frequencies but the slugs are different in size and travel in a certain
speed range. So, the slug frequency is not constant and follows a proba-
bilistic distribution, which is well represented by a Poisson distribution
(Fig. 5). In Fig. 8 the histograms of the inverse of the permanence
time (frequency) of the slug units are illustrated for four operational
conditions of two and three-phase runs with 10% and 20% of solid
concentration.

The vertical axis in the histograms of Fig. 8 are not normalized and
they indicate the number of slug units in the corresponding bin. The red
vertical lines indicate the mean frequency, whose values are plotted in
Fig. 7. It can be seen that the regimes with lower mean frequencies have
a very narrow frequency distribution, whereas the distributions with
high mean frequencies are extended over a wide range of frequencies.
The complete set of histograms for all the 59 runs are presented in

Appendix C.
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Fig. 7. Slug frequency against liquid superficial velocity for different gas mass flow rates. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. Histograms of measured slug frequencies for three-phase flows with 20% of solid concentration.
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Fig. 9. Comparison of correlations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
w

𝐴

esting correlations for slug frequency
The two-phase experimental data is compared with some of the

orrelations existing in the literature and listed in Table 1. Fig. 9 shows
he performance of nine correlations that give better predictions from
able 1. It can be noted that different correlations provide very differ-
nt results. Some correlations underestimate the present measurements
f the slug frequency, while others predict larger values.

Table 3 shows four statistical parameters, mean squared error
MSE), averaged percentage difference (APD), averaged absolute per-
entage difference (AAPD) and root mean squared percentage differ-
nce (RMSPD), between the measured frequency and the predicted
alues of frequency from the different correlations, these parameters
re calculated using Eqs. (5) to (7). The best prediction is obtained
ith the correlation proposed by Thaker and Banerjee (2016b), which

elates the mixture Strouhal number (𝑆𝑡𝑀 ) with the input liquid
raction 𝜆𝑓 . Moreover, with he exception of the correlation by Fetter
1988), the best predictions are generally obtained with the correlations
ased on the Strouhal number (gas or mixture based), these are marked
9

ith an asterix in Table 3.

𝑃𝐷 = 1
𝑛

𝑛
∑

𝑘=1

[𝑓𝑆,𝑝𝑟𝑒𝑑 − 𝑓𝑆,𝑒𝑥𝑝
𝑓𝑆,𝑒𝑥𝑝

]

× 100 (5)

𝐴𝐴𝑃𝐷 = 1
𝑛

𝑛
∑

𝑘=1

|

|

|

|

|

𝑓𝑆,𝑝𝑟𝑒𝑑 − 𝑓𝑆,𝑒𝑥𝑝
𝑓𝑆,𝑒𝑥𝑝

|

|

|

|

|

× 100 (6)

𝑅𝑀𝑆𝑃𝐷 =

√

√

√

√
1
𝑛

𝑛
∑

𝑘=1

[𝑓𝑆,𝑝𝑟𝑒𝑑 − 𝑓𝑆,𝑒𝑥𝑝
𝑓𝑆,𝑒𝑥𝑝

]2

× 100 (7)

When plotting the Strouhal number (gas or mixture based) against
the gas or liquid input fractions, it can be seen that the data col-
lapse into specific curves. In Fig. 10 the mean frequencies are fitted
to curves involving different definitions of the Strouhal number and
the input fraction. The fitting was performed globally, this is for all
the data together, and separately for plug-to-slug transition flow and
slug flow regimes, as proposed by Arabi et al. (2020b), which leads
to better approximations. The error bars are calculated with error
propagation using the standard deviation of the Poisson distribution
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Fig. 10. Two-phase data collapsed in curves of non-dimensional parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web
ersion of this article.)
Table 3
Performance of previous correlations with the experimental data.

Correlation MSE APD AAPD RMSPD

Gregory and Scott (1969) 13.8 −41.7 41.7 44.7
Fetter (1988) 3.88 −6.49 20.0 22.9
Manolis et al. (1995) 3.15 32.9 33.0 40.0
Fossa et al. (2003)* 2.73 −16.7 18.1 22.3
Wang et al. (2007)* 8.99 −21.5 26.3 33.0
Thaker and Banerjee (2015) 15.2 91.0 91.0 106.9
Thaker and Banerjee (2016b)* 2.17 −10.8 16.2 19.2
Al-Safran (2016) 10.3 −29.6 30.6 36.4
Arabi et al. (2020a)* 6.72 −27.6 27.6 31.6

of the frequency (Fig. 5) and the instrumentation uncertainties. The
parameters and the fitting equations are indicated in Table 4. The
performance of the fitted correlations is evaluated with the values
of MSE, APD, AAPD and RMSPD. It can be seen that all the three
correlations perform very well and that separating the flow regimes
yields to better approximations. Yet, a slight improvement is achieved
when calculating the gas Strouhal number (𝑆𝑡𝑔) as a function of the gas
or liquid input fraction (𝜆𝑔 or 𝜆𝑓 ) Figs. 11a and 11b, respectively.

Furthermore, a linear relationship was observed by Arabi et al.
(2020b) when plotting the gas based Strouhal number against the
Lockhart–Martinelli parameter (𝑋𝐿𝑀 ), using data from different au-
thors. This parameter was proposed by Lockhart and Martinelli (1949)
for analyzing two-phase flows and is defined in Eq. (8), where (𝛿𝑃∕𝛿𝑧)𝑔
nd (𝛿𝑃∕𝛿𝑧)𝑓 are the gas and liquid frictional pressure gradients,
espectively. In Fig. 11 a linear fitting between 𝑆𝑡𝑔 and 𝑋𝐿𝑀 is shown
n red for two- and three-phase runs. For three-phase flows the slurry
riction gradient (𝛿𝑃∕𝛿𝑧)𝑓𝑠 is used instead of the liquid one Eq. (9).
urther details on calculating 𝑋∗

𝐿𝑀 can be found in Sassi et al. (2020b).

𝐿𝑀 =

√

√

√

√

√

√

√

(

𝛿𝑃∕𝛿𝑧
)

𝑓
(

𝛿𝑃∕𝛿𝑧
)

𝑔

(8)

∗
𝐿𝑀 =

√

√

√

√

√

√

√

(

𝛿𝑃∕𝛿𝑧
)

𝑓𝑠
(

𝛿𝑃∕𝛿𝑧
)

𝑔

(9)

The data collapse quite well in the linear fitting. However, a strong
deviation towards the origin is observed for runs with low values of
liquid superficial velocities and high values of gas superficial velocities.
Low impact of the solid phase is found in the slope of the linear fitting,
with values of 0.0125, 0.0129 and 0.0130 for two-phase flow, three-
phase flow with 𝐶𝑆 = 10% and 𝐶𝑆 = 20%, respectively. However, better
10

predictions can be obtained using an asymptotic curve as correlation.
The black dashed lines correspond to fitting the data to Eq. (10), where
𝑎, 𝑏 and 𝑐 are the fitting parameters. Note that in the case of three-phase
flows the modified Lockhart–Martinelli is used. In Table 5 the fitting
parameters are presented for two- and three-phase flows together with
the statistical parameters.

𝑆𝑡𝑔 =
𝑎 ⋅𝑋𝑏

𝐿𝑀
𝑋𝐿𝑀 + 𝑐

(10)

3.2. Bubble velocity

Mean bubble velocity (𝑉𝑡) is calculated by averaging the nose and
tail velocities of all bubbles recorded by the camera during the 17 s.
The displacement of the noses and tails was computed using the cross-
correlation of two subsequent frames, following a similar technique as
the conventional Particle Image Velocimetry (PIV). The details of this
procedure is described in Appendix B.2. In Fig. 12 the mean velocities
of the bubbles are plotted for the different two-phase runs versus the
superficial mixture velocity (𝑗𝑀 ). The colors of the markers indicate
the gas mass flow, and the error bars represent the standard deviation
of the samples. The number of bubbles visible in the time window (17
seconds) has been indicated with the size of the markers of Fig. 12.

Fig. 12 shows that as 𝑗𝑀 increases, the average velocity of the
bubbles increases linearly with a slope of about 1.1 with the superficial
mixture velocity, as indicated by the dashed line in Fig. 12. The red
and green dotted lines represent the models to correlate the bubble
translational velocity with the mixture velocity found by Thaker and
Banerjee (2016b) (Eqs. (11) and (12)) and Xu et al. (2020) (Eq. (13)),
respectively. It can be seen that Thaker and Banerjee’s model approx-
imates better to the experimental data, specially for the first segment
(𝐹𝑟 ≤ 3.5) which corresponds to mixture velocities under 1.9 m/s. Also,
the variability of the bubble velocity increases at higher 𝑗𝑀 , as shown
by larger standard deviations (Thaker and Banerjee, 2016b). Equivalent
plots are presented for three-phase flows in Figs. 13a and 13b for 10%
and 20% of solid loading, respectively.

𝑉𝑡 =1.005 ⋅ 𝑗𝑀 + 0.19 for 𝐹𝑟 ≤ 3.5 (11)

𝑉𝑡 =1.1916 ⋅ 𝑗𝑀 for 𝐹𝑟 ≥ 3.5 (12)

𝑉𝑡 =1.218 ⋅ 𝑗𝑀 + 0.142 for 𝑗𝑀 ≤ 6 m/s (13)

From Figs. 12 and 13 it can be seen that three-phase flows exhibit
a larger dispersion of the bubble velocity. In two-phase flows (Fig. 12),
the bubble velocity is mainly between 1 and 1.1 times the mixture
velocity. In the case of three-phase flows (Fig. 13), the bubble velocity
ranges from 1 up to 1.5 times the mixture velocity. In Fig. 13a the
dashed lines represent slopes of 1.1 and 1.5, and in Fig. 13b the
indicated slope is 1.25.
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Table 4
Performance of the fitted correlations from Fig. 10.

Correlation 𝑆𝑡𝑔 (𝜆𝑔 ) 𝑆𝑡𝑔 (𝜆𝑓 ) 𝑆𝑡𝑀 (𝜆𝑓 )

Equation 𝑆𝑡𝑔 = 𝐴
1 + 𝐵𝜆𝐶𝑔

𝑆𝑡𝑔 =
𝐴𝜆𝑓

1 + 𝐵𝜆𝑓 + 𝐶𝜆2𝑓
𝑆𝑡𝑀 =

𝐴𝜆𝑓
1 + 𝐵𝜆𝑓 + 𝐶𝜆2𝑓

Fitted parameters trans (⋄) slug (o) global (⋄ + o) trans (⋄) slug (o) global (⋄ + o) trans (⋄) slug (o) global (⋄ + o)

A 1.07 0.874 0.99 0.065 0.032 0.038 0.032 0.031 0.023
B 45.2 111.7 96.93 −1.94 −2.171 −2.13 −2.14 −1.469 −2.07
C 2.560 3.336 3.140 0.995 1.222 1.178 1.440 0.586 1.267

MSE 0.040 0.078 0.47 0.041 0.115 0.45 0.057 0.132 0.52
APD 0.227 1.034 8.19 0.072 −3.921 2.43 0.182 −2.157 −1.83
AAPD 3.305 5.358 14.19 3.152 8.286 10.61 3.348 8.247 12.38
RMSPD 4.162 6.301 17.67 3.807 10.982 13.35 3.565 10.444 16.11
Fig. 11. Gas based Strouhal number versus Lockhart–Martinelli parameter for two- and three-phase flow. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
Table 5
Performance of the fitted correlations from Fig. 11.

Fitted Two-phase Three-phase flow

parameters flow 𝐶𝑆 = 10% 𝐶𝑆 = 20%

a 0.018 0.015 0.012
b 2.0 2.0 2.1
c 37.0 40.4 41.9

APD 10.6 6.4 3.6
AAPD 16.0 14.4 11.9
RMSPD 20.8 17.0 14.4

A more detailed analysis of the bubble velocities is given in Fig. 14
or two-phase flows. This figure shows the effect of the liquid superficial
elocity and the air mass flow rate on the bubbles mean velocity
Fig. 14a), the nose and tail of velocities (Figs. 14b and 14d) and the
tandard deviation (Fig. 14c). Again, the colors of the symbols indicate
he mass flow rate of air. Note that the gas velocity differs along runs
ith the same mass flow, because of the increment of pressure related

o an increasing liquid superficial velocity. The mean bubble velocity
Fig. 14a) is the average between the velocities of the nose (Fig. 14b)
nd the tail (Fig. 14d). As expected, by increasing any of both, liquid or
as flow rate, the velocity of the bubbles also increases. However, for
igh air flow rates (black dots), the increment of the bubble velocity
ue to increasing 𝑗𝑓 is not as strong as in the other runs.

Figs. 14b and 14d show the nose and tail mean velocities respec-
tively. The comparison of these two figures shows that the slope of
the nose mean velocity is steeper than the slope of the tail velocity,
and the symbols corresponding to the different gas mass flow rates are
closer in the nose velocity and further distant to each other on the
tail graph. This means that the liquid superficial velocity has greater
impact on the nose velocity than it has on the tail velocity, while the gas
11
Fig. 12. Bubble mean velocity per run vs. mixture velocity for two-phase flow. Color
indicates gas mass flow rate, the size of the symbol indicates the number of bubbles
and the error bars indicate the standard deviation. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

superficial velocity has a greater influence over the tail velocity. Also,
it can be noted that for higher rates of air, the upward trend in bubble
velocity is inverted in the zone of low liquid superficial velocities.
Similar conclusions were found in Thaker and Banerjee (2016a,b).

In addition, it can be seen that the tail velocity highly increases
for higher air mass flow rates. The white markers (low air rates) in
Figs. 14b and 14d are at comparable levels, but at higher air rates
the tail velocity becomes larger than the nose velocity for a constant
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Fig. 13. Bubbles mean velocity per run vs. mixture velocity for three-phase flow. Color indicate gas mass flow rate, the size of the symbol indicates the number of bubbles and
the error bars indicate the standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 14. Incidence of liquid superficial velocity and gas mass flow rate on bubbles velocity in two-phase flow. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
liquid superficial velocity. For regimes with high air flow rates, aeration
in front of liquid pockets increases along with turbulence. This high
aeration near the tail of the bubble, together with the overcoming of
the liquid film underneath the bubble (which moves much slower than
the bubble and the liquid pocket), produces strong eddies in the tail of
the bubble which in turn generate the effect of a wave breaking at the
tail of the bubble (Sassi et al., 2020b), thus increasing the tail velocity.

In Fig. 15 the same analysis is presented for three-phase flows with
10% of solid loading. In general, a similar behavior is observed between
two-phase and three-phase runs. For the mean velocity, very similar
values and trends are obtained for the lower air flow rates. However for
the gray dots (4.0 g/s of air) in two-phase flow (Fig. 14a) the influence
of the liquid superficial velocity is smaller, while for three-phase flows
a similar trend is observed for the four air mass flow rates (Fig. 15a).
For the nose velocity, similar slopes are identified, which indicate that
the effect that induces the liquid superficial velocity is very similar in
12
both cases. On the other hand, the effect of the air flow rate is more
significant for three-phase flows, as the markers are more spread apart
in the vertical direction. Looking at the tail velocities in Figs. 14d and
15d very similar values are observed for all the runs. Finally, when
comparing the standard deviations of the mean velocity in Figs. 14c
and 15c, an increase of the variation is obtained for the three-phase
runs. At low values of superficial velocities the standard deviation value
are similar, but a strong increment is noted for increasing superficial
velocities.

To conclude with the bubble velocity analysis, results are presented
for the 19 runs of three-phase flows with 20% of solid concentration
in Fig. 16. The mean results are very similar to those corresponding to
10% of solid concentration shown in Fig. 15. The main difference is
observed in the standard deviations, which increase in value from even
lower superficial velocities values both of water and air.
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Fig. 15. Effect of the liquid superficial velocity and gas mass flow rate on the bubble velocities for three-phase flow with 10% of solid concentration.
Fig. 16. Effect of the liquid superficial velocity and gas mass flow rate on the bubble velocities for three-phase flow with 20% of solid concentration.
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.3. Bubble length

Finally, the length of the bubbles is determined from Eq. (14), using
he mean velocity of each bubble (𝑈𝑏) and the residence time of the cor-

responding bubble in the cross section (𝑡1 − 𝑡0) of the line-scan image.
In Eq. (14) 𝑡0 is the time at which the nose intersects the monitored
cross section, and 𝑡1 is the time at which the tail passes through the
monitored cross section. The time difference (𝑡1 − 𝑡0) corresponds to
the distance in pixels between a blue line and the consecutive red line
in the line-scan image (Fig. 4) divided by the frame rate. The results are
presented in Fig. 17 for two and three phase flows. The dashed lines are
13

p

linear fittings for operating condition with the same liquid superficial
velocities. The slopes of the linear fittings are presented in Table 6.

𝐿𝑏 = 𝑈𝑏 ⋅ (𝑡1 − 𝑡0) (14)

It can be seen that in general the length of the bubbles is increased
ue to the presence of the solid phase, since lines with larger slopes
re obtained for increasing solid concentrations. This is in concordance
ith the decrease of the slug frequency, since longer bubbles with

he same mixture velocity have longer residence times and therefore
maller frequencies. This is explained for the accumulation of solid
articles at the interface in the tail of the bubbles, that avoids the
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Fig. 17. Bubbles mean length vs. mixture velocity.
Fig. 18. Dimensionless bubble length vs. gas-to-liquid superficial velocity ratio. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
Table 6
Slopes of linear fittings between bubble mean length and mixture velocity.
𝑗𝑓 [m∕s] 2-Phase 3P-10% 3P-20%

0.85 0.906 0.955 0.851
1.00 0.627 0.837 0.668
1.50 0.504 0.587 0.637
2.00 0.285 0.522 0.445
2.50 0.235 0.357 0.152a

aOnly 3 points are used for linear fitting.

Table 7
Fitted parameters for elongated bubble length linear correlation.

Fitted Two-phase Three-phase flow

parameters flow 𝐶𝑆 = 10% 𝐶𝑆 = 20%

a 23.5 26.5 24.1
b −4.25 −4.4 −3.0

detachment of small bubbles and thus, longer bubbles are obtained for
the same values of liquid and gas flow rates. Finally, it can be seen that
the standard deviations of the bubble mean length (indicated with the
error bars in Fig. 17) increase with both liquid and gas flow rates.

Further, the dimensionless bubble length (𝐿𝑏∕𝐷) can be represented
as a function of the gas-to-liquid superficial velocity, as recommended
by Arabi et al. (2021), for two-phase flows. Fig. 18 shows how the data
collapse into a straight line for two and three phase flows in logarithmic
scale. Note that for three phase flows the slurry superficial velocity
(𝑈𝑓𝑠) is used instead of 𝑈𝑓 . The dashed lines correspond to fitting the
data to straight lines. The fitting parameters are listed in Table 7.

Finally the correlations of Thaker and Banerjee (2016b) (Eq. (15))
and Wang et al. (2007) (Eq. (16)) are tested with our data in Fig. 19
14
with black and green markers, respectively.
𝐿𝑏
𝐷

= 1.22 × 103(𝑅𝑒𝑓 )−1.27(𝑅𝑒𝑔)1.2 (15)

𝐿𝑏
𝐷

= 12.07(𝑈∗
𝑓 )

−1.67(𝑈∗
𝑔 )

1.14, 𝑈∗
𝑓 =

𝑈𝑓
√

𝑔𝐷(1 − 𝜌𝑔∕𝜌𝑓 )
(16)

The parameters from Thaker and Banerjee (2016b) correlation have
been fitted to our data and are plotted with red markers. The yellow
markers correspond to the linear modeling from Fig. 18. Good pre-
dictions are obtained with Thaker and Banerjee (2016b) correlation
while Wang et al. (2007) correlation underestimates the bubble length.
The linear fitting with the gas-to-liquid superficial velocity ratio also
provides good predictions of the bubble length. Statistic parameters for
the tested correlations are presented in Table 8.

4. Conclusions

In this study, slug frequency was experimentally analyzed for inter-
mittent two-phase flows. Moreover, the influence of solid particles on
the slug frequency was investigated.

Several measurement techniques were tested and compared. The
Wilkens and Thomas method, with pressure taps spacing of 25 and
50 cm and a sampling rate of 50 Hz showed that a higher sampling
rate and low-noise signals are required in order to obtain reliable
measurements of the slug frequency. Power spectral densities were cal-
culated for differential pressure signals and for mean intensity signals
of the line-scan images. In general, power spectral densities provide
useful information, since it identifies the frequencies involved in the
motion of the intermittent flows. However, it is not a suitable method
for calculating mean frequencies, as it is necessary to deeply analyze
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o

Fig. 19. Tested correlations for modeling the elongated bubble length. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
f this article.)
Table 8
Performance of the fitted correlations from Fig. 19.

Correlation Statistic Two-phase Three-phase flow

parameters flow 𝐶𝑆 = 10% 𝐶𝑆 = 20%

Thaker and Banerjee (2016b)
APD 29.2 23.4 26.7
AAPD 29.2 29.3 29.0
RMSPD 32.4 39.8 38.0

Thaker and Banerjee
(2016b)
(fitted)

APD 6.7 26.8 30.3
AAPD 11.5 32.2 37.1
RMSPD 15.1 46.9 51.5

Wang et al. (2007)
APD −57.5 −59.1 −57.9
AAPD 57.5 59.1 57.9
RMSPD 58.1 60.7 58.9

𝐿𝑏

𝐷
= 𝑎 𝑈𝑔

𝑈𝑓
+ 𝑏

(parameters in Table 7)

APD −5.7 3.4 9.0
AAPD 15.9 19.0 19.9
RMSPD 25.8 29.4 24.7

individually each spectrum. In some cases the mean frequency matches
the main frequency from the PSD, but in general several peaks with
similar values are obtained for several values of frequency and there-
fore, it is recommended to use it together with other measurement
techniques in order to fully characterize the motion. The measurement
of the frequency from the line-scan images, results in the distribution
of frequencies of the motion of intermittent flows.

Measurements of slug frequency with image processing of the line-
scan images were presented for 59 different operating conditions in-
cluding mean frequencies and histograms of two and three-phase flows.
The presented data are valuable for developing and testing of com-
putational fluid dynamics models. Two-phase flow slug frequencies
were measured, and correlations within the available literature were
tested. A wide spectrum of behaviors were found, where some cor-
relations overestimate significantly the slug frequency while others
underestimate it. Good predictions were obtained with the Thaker and
Banerjee correlation, which relates the mixture based Strouhal number
(𝑆𝑡𝑀 ) to the input liquid fraction 𝜆𝑓 . However, when trying to fit the
experimental data to collapsing curves, the best performance was found
when relating the gas based Strouhal number (𝑆𝑡𝑔) with the input
fractions (𝜆𝑔 and 𝜆𝑓 ). Finally, it was found that increasing the solid
concentration induces a slight decrease in slug frequency. This could
be explained by the accumulation of solid particles in the tail of the
elongated bubbles that avoids the detachment of bubbles.

When correlating the gas based Strouhal number as a function of
the Lockhart–Martinelli (𝑋𝐿𝑀 ), the experimental data collapse quite
well in a straight line, as observed by Arabi et al. (2020b). However, a
better fitting is found for our data with asymptotic curves. Very similar
results are found for three-phase flows using the modified Lockhart–
Martinelli parameter (𝑋∗

𝐿𝑀 ), which indicates that the correlation may
15

be used both for two- and three-phase flows.
Measurements of nose and tail mean velocities have been presented
for all operating conditions. Similar trends are found for the liquid
superficial velocity. However, the effect of the gas mass rate is more
significant in three-phase flows, specially in the nose velocity. Also,
a greater variability on the velocities are found for increasing solid
concentrations. Finally, bubble length measurements have shown that
the increase of the solid concentration increases the length of the
elongated bubbles. Therefore, this can also be attributed to the effect
of the accumulation of solid particles near the tail of the elongated
bubbles. Correlations were tested for modeling the bubble length, the
linear relationship between the dimensionless bubble length and the
gas-to-liquid superficial velocity ratio results a very simple correlation
that performed very well.
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Appendix A. Pressure measurements

Three measurements of differential pressure have been performed
for each run, 𝛥𝑃12 = 𝑃𝑇1 − 𝑃𝑇2, 𝛥𝑃23 = 𝑃𝑇2 − 𝑃𝑇3 and 𝛥𝑃3𝑜 =
𝑃𝑇3 − 𝑃𝑎𝑡𝑚, comprising the pressure taps 𝑃𝑇1, 𝑃𝑇2 and 𝑃𝑇3 shown in
Fig. 2. Before taking measurements, each regime was allowed to reach
its stationary state for at least two minutes. Then, each of the 3 pressure
measurements have been recorded for 2 min with a sample rate of
50 Hz. As an example, Fig. A.20 shows 5 seconds of the pressure signals
obtained for a two-phase run with 𝑗𝑔 = 1.61 and 𝑗𝑓 = 1.0 m∕s.

The slug frequency can be obtained from the above pressure mea-
surements using counting peaks methods. In this way, a mean fre-
quency can be obtained. On the other hand, the power spectral density
can be calculated in order to obtain the main slug frequencies of the
motion.
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Fig. A.20. Example of independent pressure measurements during 5 s, (a) 𝛥𝑃12 = 𝑃1 − 𝑃2, (b) 𝛥𝑃23 = 𝑃2 − 𝑃3 and (c) 𝛥𝑃3𝑜 = 𝑃3 − 𝑃𝑎𝑡𝑚. Two-phase run with 𝑗𝑓 = 1.0 m∕s and
𝑗𝑔 = 1.61 m∕s.
Fig. A.21. Example of the Wilkens & Thomas method, counting peaks during 10 s of two-phase flow with 𝑗𝑓 = 1.0 m∕s and 𝑗𝑔 = 1.02 m∕s. Pressure taps spacing (a) 25 cm and (b)
50 cm.
Fig. A.22. Example of power spectral densities, two-phase flow with 𝑗𝑓 = 2.5 m∕s and 𝑗𝑔 = 0.47 m∕s. Differential pressure with taps spacing (a) 25 and (b) 50 cm. And (c) gauge
ressure at tap PT3.
.1. Wilkens & Thomas method

The Wilkens & Thomas method (Wilkens and Thomas, 2008) is
ased on counting the peaks that reach a certain threshold, on a
ignal obtained from a differential pressure measurement between two
ressure taps. These authors considered that the transit of a liquid
ocket between the two taps would produce a greater pressure loss than
he presence of an elongated bubble. The method can be summarized
n the following steps:
16
• Consider the liquid pocket velocity as the mixture velocity,

𝑈𝑙𝑝 = 𝑗𝑀 = 𝑗𝑓 + 𝑗𝑔 (A.1)

• Calculate the friction factor of the liquid pocket using the
Reynolds number based on the liquid pocket velocity, the diam-
eter of the pipe and the liquid viscosity,

f = 0.0014 + .125
0.32

(A.2)

𝑅𝑒𝑙𝑝
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Fig. A.23. Example of power spectral densities, two-phase flow with 𝑗𝑓 = 1.0 m∕s and 𝑗𝑔 = 1.02 m∕s. Differential pressure with taps spacing (a) 25 and (b) 50 cm. And (c) gauge
ressure at tap PT3.
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• Estimation of the minimum stable slug length,

𝐿𝑚𝑖𝑛 ≥ 𝐷 ⋅ (10𝑗𝑓 + 5) (A.3)

• Estimation of the minimum pressure drop due to the skin friction
of a liquid pocket,

𝛥𝑃𝑚𝑖𝑛 = 2f ⋅
𝐿𝑚𝑖𝑛𝜌𝑓𝑉 2

𝑙𝑝

𝐷
(A.4)

Note that if the liquid pocket is longer than the distance between
he pressure taps, the length used to predict the pressure drop should be
onstrained to the taps distance. Then, the method consists in counting
eaks above the 𝛥𝑃𝑚𝑖𝑛 threshold, and the mean frequency is deduced
rom Eq. (A.5),

𝑠 =
𝑁𝑝𝑒𝑎𝑘𝑠

𝛥𝑡
(A.5)

where 𝑁𝑝𝑒𝑎𝑘𝑠 is the number of peaks exceeding the threshold and 𝛥𝑡
the time interval. Fig. A.21 shows examples of the application of the
Wilkens & Thomas method to the signals shown in Figs. A.20a and
A.20b. Note that the method is only applicable to differential pressure
measurements.

In Fig. A.21a the minimum stable liquid pocket length is constrained
to the taps spacing (25 cm) and the obtained threshold is 564 Pa. While
in Fig. A.21b the minimum stable length (45.1 cm) is smaller than the
spacing (50 cm), and thus no constraint is applied in obtaining the
threshold of 1018 Pa.

A.2. Power spectral density

The power spectral density (PSD) represents the energy distribution
of a time signal along the frequency components of the signal. It
is a very useful tool to characterize random variables of stochastic
processes. Here the PSD is used to determine the main slug frequencies
from pressure signals over time. Fig. A.22 shows three PSD calculated
for the pressure signals of a two-phase flow with 𝑗𝑓 = 2.5 m∕s and
𝑔 = 0.47 m∕s.

For this regime, that corresponds to a relatively high liquid super-
icial velocity and low gas velocity, a very large peak is obtained at
frequency of 11.33 Hz for the three pressure measurements. So it is

asy to determine the main frequency of slugs. A lower peak, at twice
he main frequency is also observed, which corresponds to the presence
f harmonics.

Other flow regimes do not show a clear main frequency, as is
he case for the pressure measurements from Fig. A.23 with 𝑗𝑓 =
.0 m∕s and 𝑗𝑔 = 1.02 m∕s. The lack of a noticeably protruding peak
haracterizes these flow regimes, and instead many peaks of similar
ower are seen for a wide range of frequencies. It should be noted that
he application of low pass filters to the signal needs care because the
17

election of a frequency for the filter can hide natural slug frequencies. F
Fig. B.24. Power spectral density of a mean intensity signal from a line-scan image,
two-phase flow 𝑗𝑓 = 2.5 m∕s and 𝑗𝑔 = 0.58 m/s.

ppendix B. Image processing

Two different types of images were taken for each flow regime.
ne for the analysis of the slug frequency, and the other to determine

he size and the velocity of the elongated bubbles. The processing
echniques used for these two types of images are described below.

.1. Frequency analysis

The slug frequency is measured with an image processing technique
sing images from the fast camera. For this, images were captured
n the test section, 150 D downstream the mixing chamber, at 3200
rames per second with a resolution of 1 × 640 pixels in the axial
nd vertical directions respectively. For each run, 75 s of images were
aken, corresponding to a total of 240,000 frames per run. Each image
as been pre-processed with background subtraction and histogram
tretching to enhance contrast. A line-scan image is obtained by placing
ne column of pixels from every pre-processed image next-to each
ther. In this way, a 240,000 × 640 pixels image is obtained, a section
f the image is showed in Fig. 4a. The vertical coordinate of the
esulting image corresponds to the vertical axis of the pipe, and the
orizontal axis is the evolution in time of the flow state as it passes
hrough the selected cross section (during 75 s).

Finally, the frequency can also be estimated by calculating the PSD
f the mean intensity signal of a line-scan image, plotted in the bottom
anel of Fig. 4. This is a much faster way to determine the dominant
requency, as the only processing required is calculating the signal and
ts PSD, without using the bubble location algorithm. Fig. B.24 shows
n example of applying the PSD to the mean intensity signal from

ig. 4b.
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Fig. B.25. Example of cross-correlation applied to nose and tail of an elongated bubble to calculate velocity and size of bubble. Two-phase run with 𝑗𝑓 = 1.0 m∕s and 𝑗𝑔 = 1.02 m∕s,
flowing from right to left. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. B.26. Sensitivity analysis of velocity calculation with cross-correlation between image 𝑛 and 𝑛+ 𝑗𝑢𝑚𝑝. Two-phase run with 𝑗𝑓 = 1.0 m∕s and 𝑗𝑔 = 1.02 m∕s (same bubble than
Fig. B.25). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. B.27. Pixel calibration and pixel size measurement. Two-phase run with 𝑗𝑓 = 1.0 m∕s and 𝑗𝑔 = 1.02 m∕s (same bubble than Fig. B.25), flowing from right to left.
B.2. Velocity and size measurement

In addition to the images described above, 640 × 320 pixels im-
ages were recorded in order to calculate the size and velocity of the
elongated bubbles. With this resolution at 3200 FPS a maximum of
17 s can be recorded with the camera used for the measurements.
This implies 54,400 frames per run. Again, background subtraction and
histogram stretching is performed, and a line-scan image is constructed
to identify nose and tail locations following the procedure described in
Section 2.3.1. Then, for each bubble an interrogation window including
18
the nose or tail of the bubble is extracted and cross-correlated with
an image taken a few milliseconds later. In this way a displacement is
calculated for the maximum correlation coefficient obtained. Fig. B.25
shows an example for a bubble for 𝑗𝑔 = 1.02 and 𝑗𝑓 = 1 m∕s.
In Figs. B.25a and B.25b the interrogation windows enclosing the
nose and tail are indicated with dashed lines respectively. Figs. B.25c
and B.25d correspond to tenth subsequent frames of Figs. B.25a and
B.25d respectively, and the red rectangles indicate where the maximum
correlation coefficient is found between the interrogation window and
the current frame.
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Fig. C.28. Histograms of measured slug frequencies for two-phase flow.
.2.1. Sensitivity analysis
As digital images are made up of pixels, the distance between the

lack and red rectangles in Fig. B.25 is measured in whole units of
ixels. Therefore, the measure of displacement of the nose or tail of
he bubble is obtained in a discrete domain. The sensitivity analyses
f the nose and tail velocities as a function of the jump (number
f frames between the two images) are presented in Figs. B.26a and
.26b, respectively. The black dots indicate the velocity of the nose (or
ail) calculated at the corresponding jump (x axis), and the blue dots
ndicate the correlation factor between the interrogation window and
ubsequent frames. As the jump increases the similarity between the
riginal interrogation window and all subsequent frames decreases, so
oes the correlation factor (blue dots), as expected.

For lower values of frame jumps (between 1 and 6) the velocities
how some oscillations. This is expected, because the interrogation
indow is displaced one pixel at a time while the captured bubble

s moving in real domain, and so in subsequent frames the displace-
ent can actually correspond to fractions of pixels. In both images of

ig. B.26, the velocity becomes stable at jumps of about 10 frames.
19
However, for bigger jumps, of more than 20 frames, the bubbles
may adopt shapes that are different than the one in the interrogation
window and higher oscillations can be found, especially at the tail,
where several bubbles get detached from the tail of the bubble and the
shape may then vary significantly. Using a jump value of 10 frames,
correlation factors of 0.85 and 0.66 are obtained for the nose and
tail, respectively. The correlation factor for the tail images drops much
faster than in the nose images. This is due to the presence of several
drops detaching from the tail, which changes the shapes in the image
more rapidly.

B.2.2. Validation
Furthermore, the images for the velocity analysis were taken with

a ruler attached to the pipe. This allows to calibrate the pixel size,
and to manually compare the velocity calculations using the automated
algorithm. Fig. B.27 shows two images taken with the ruler attached to
the pipe as a reference.

In Fig. B.27a the axial position of the nose of an elongated bubble is
marked with a red dashed line at 11.5 cm in the ruler. In Fig. B.27b the
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Fig. C.29. Histograms of measured slug frequencies for three-phase flows with 10% of solid concentration.
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same bubble is marked 133 frames later at 21 cm in the ruler. In this
way it is possible to calculate the velocity of the nose with Eqs. (B.1)
and (B.2) where 𝛥𝑥 represents the distance between the red lines in
meters, measured with the ruler. The velocity obtained applying the
algorithm for the corresponding nose is 2.26 m/s, with a relative error
of about 6%.

𝛥𝑡 =
𝑁𝑓𝑟𝑎𝑚𝑒𝑠

𝐹𝑃𝑆
= 126

3200
(B.1)

𝑉𝑛𝑜𝑠𝑒 =
𝛥𝑥
𝛥𝑡

= 0.095
0.0394

= 2.41 m∕s (B.2)

This calculation has been done manually for several noses and tails
hosen at random, and the average relative error is about 5%.

In order to establish the pixel size, the quotient between the amount
f pixels between the red lines (551) and the corresponding distance
0.095 m) is calculated, obtaining a pixel size of 0.1724 mm/px. This
s calculated for every setting of the camera, whose position may vary
few millimeters between measurements.
20
.2.3. Bubble length
Finally, the length of the bubbles is determined with Eq. (B.3), using

he mean velocity of each bubble (𝑈𝑏) and the residence time of the
corresponding bubble in the cross section (𝑡1−𝑡0) of the line-scan image.

here 𝑡0 is the instant of time in which the nose intersects the cross
ection, and 𝑡1 when the tail intersects it. (𝑡1 − 𝑡0) corresponds to the

distance in pixels between a blue line and the consecutive red line in
the line-scan image (Fig. 4) divided by the frame rate.

𝐿𝑏 = 𝑈𝑏 ⋅ (𝑡1 − 𝑡0) (B.3)

ppendix C. Distribution of frequencies

In Figs. C.28 to C.30 the histograms of the inverse of the perma-
ence time (frequency) of the slug units are illustrated for all the two
nd three-phase runs with 10% and 20% of solid loading, respectively.
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Fig. C.30. Histograms of measured slug frequencies for three-phase flows with 20% of solid concentration.
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