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Abstract: The slug frequency (SF), which refers to the number of liquid slugs passing through a
pipe during a specific time, is an important parameter for characterizing the multiphase intermittent
flows and monitoring some process involving this kind of flow. The simplicity of the definition of SF
contrasts with the difficulty of correctly measuring it. This manuscript aims to review and discuss
the various techniques and methods developed to determine the slug frequency experimentally. This
review significantly reveals the absence of a universal measurement method applicable to a wide
range of operating conditions. Thus, the recourse to recording videos with high-speed cameras, which
can be used only at a laboratory scale, remains often necessary. From the summarized state-of-the-art,
it appears that correctly defining the threshold values for detecting the liquid slugs/elongated bubbles
interface from physical parameters time series, increasing the applicability of instrumentations at
industrial scales, and properly estimating the uncertainties are the challenges that have to be faced to
advance in the measurement of SE.
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1. Introduction

The multiphase flow in pipes, especially the gas-liquid two-phase, has been intensively
studied. This can be explained by their occurrence in several industrial systems such
as petroleum and gas production, power generation, airlift pumping, heat exchangers,
chemical processing, aerospace engineering, paper production, and medical devices [1-5].
The main characteristic of these flows is the presence of several flow regimes or flow
patterns [6]. The existence region of each flow regime can be detected using flow transition
models or flow maps [7]. The slug flow, or intermittent flow, refers to the flow regime
where two flow structures (liquid slug and elongated bubble) flow alternatively, as shown
in Figure 1 taken from [8]. A slug unit is constituted by a liquid slug and an elongated
bubble. As shown in Figure 1, the elongated bubbles flow over the liquid film horizontally,
and where the pipe inclination is below 45°. For 6 > 45° and due to the effect of buoyancy,
the elongated bubbles flow in the center of the pipe surrounded by the liquid film. Note
that the elongated bubble is referred to as a Taylor bubble in these cases. In Figure 1, Urg,
Lrs, L, and Lg; refer to the translational velocity of the elongated bubble, liquid slug
length, elongated bubble length, and slug unit length, respectively. The slug flow occurs in
all multiphase systems constituted by one gas and one liquid at least. This flow regime is
characterized by intrinsic parameters, such as slug frequency (SF). This refers to the number
of liquid slugs passing by one point during a fixed time period.

Since the pioneering works carried out in Hubbard’s thesis [9] and Gregory and
Scott [10], SF intensively has been studied in the literature. Such interest has come from
its great importance in the industry. Indeed, it is employed as a parameter for closing and
informing the slug models used to predict the different design parameters, such as pressure
drop [11]. In addition, the pipeline structural instability, wellhead pressure fluctuations,
severe pipe corrosion, and FIV (flow-induced vibration) response are directly related to
SF [12,13]. The monitoring of SF in several processes is also important to assess the hazards
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and avoid accidents [14]. The difficulty of properly modeling SF explains the popular
recourse to the empirical approach for predicting it [15]. These reasons also explain the
need to correctly measure SF [11].
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Figure 1. Schematic presentation of the slug flow for different pipe inclination range. The intrinsic
slug parameters are also displayed. Reprinted from [8]. Reprinted from Flow Measurement and
Instrumentation, vol. 72, O. Cazarez-Candia, O.C. Benitez-Centeno, Comprehensive experimental
study of liquid-slug length and Taylor-bubble velocity in slug flow, page 2, Copyright © 2020, with
permission from Elsevier.

Based on its definition, SF was measured in the pioneering works by counting the
number of liquid slugs passing through a single cross-sectional area of pipe during a
specific time period. This can be achieved by direct visual observation of flow with a simple
stopwatch in the hand or by recourse to a camera. Through the time, different experimental
techniques were used or specially developed to measure the SF, whether for studying
this parameter at the laboratory scale or for active control at the industrial/field scale.
This advancement was in line with the increasing innovations in the area of multiphase
flow measurement [16]. Recently, Arabi et al. [15] and Sassi et al. [17] highlighted the
existence of a great deviation between the results obtained by the different techniques.
Arabi et al. [15] found that the deviations are more important in the cases of highly aerated
slug flow. From a literature review, Webner et al. [18] explained that little attention has been
paid to studying how measurement and calculation methods impact the determination
of the slug frequency. This statement can be explained by the very limited number of
studies where a comparison between the results obtained from different techniques and
methods was carried out. Additionally, the great majority of experimental investigations
on SF were carried out by using one technique or method. Each author discussed only the
employed method. The presented statement explains the existing difficulty in capturing
the state-of-the-art on measuring SF.

This review paper aims to fill this gap through a presentation and discussion of the
existing knowledge on the different instruments, techniques, and methods developed and
employed for measuring SE. The paper is structured in three levels following the flow
diagram shown in Figure 2. At the first level, the two main categories of the instruments
used for measuring will be discussed. Sections 2 and 3 are devoted to the visual observa-
tion/recording and flow parameters time series, respectively. From the video recording
and time series signals, several methods were applied to extract SF. This part, summa-
rized in Section 4, constitutes the second level. The third level is devoted to discussing
the uncertainty in SF measurements (Section 5) and the results obtained from different
instrumentation/techniques and methods (Section 6). Section 7 is committed to presenting
the main conclusions as well as recommendations for future research.
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Figure 2. Schematic diagram of the content discussed in the present review.

2. Camera Video Recording

As explained in Section 1, the camera recordings were employed in early studies for SF
measurement purposes. This technique is used up to today, especially with the development
of high-speed cameras [19-26]. It has the advantage of not requiring calibration and
validation [27]. In order to have high-quality video recordings, special attention has to be
devoted to having a good illumination source. An example of an illumination system is
given in Figure 3.
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Figure 3. Example of illumination system used for camera video recordings used by Mohmmed et al. [22].
Reprinted from International Journal of Pressure Vessels and Piping, vol. 172, Abdalellah O. Mohmmed,
Hussain H. Al-Kayiem, Mohammad S. Nasif, Rune W. Time, Effect of slug flow frequency on the
mechanical stress behavior of pipelines, page 3, Copyright © 2019, with permission from Elsevier.

With the improvements of computer processing capacity, camera resolution, and
framerate, several techniques have been used to extract quantitative flow data from video
images [28]. The main efforts were performed to propose robust algorithms that are able
to detect the elongated bubble/liquid slug interfaces, which deform and move continu-
ously [29]. For instance, Sassi et al. [17] developed the line-scan image (LSI) method to
extract the time series of interfaces from videos. First, videos were recorded using a fast
camera with a resolution of 1 x 640 pixels in the axial and vertical directions, respectively,
during a time of 75 s, which corresponds to a total of 240,000 frames for each run. Then, the
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contrast of each image was enhanced through a pre-processing step involving background
subtraction and histogram stretching. The line-scan image was obtained by positioning all
the images sequentially, forming an image of 240,000 x 640 pixels. The noses and tails of
both slug flow structures can be easily shown in the obtained line-scan image, as it appears
in Figure 4a. Furthermore, a calculation of the mean intensity in the vertical axis was
performed, which gives a time series of the mean intensity when the interface of elongated
bubbles and liquid slugs can be easily identified (Figure 4b). A relatively similar technique
was employed in Porter et al. [28].
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(a) Line-scan image with location of noses (blue) and tails (red lines) of Taylor bubbles.
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(b) Zero-mean intensity in vertical coordinate with low pass filter.

Figure 4. Elongated bubble location using LSI method (air-water, 30 mm ID, 8 = 0°, Vg; =1.5m/s
and Vg = 0.58 m/s). Reprinted from Sassi et al. [18]. Copyright © 2022, Paulo Sassi et al.

In the vertical and near-vertical configurations, the interface of the Taylor bubble is
complicated to detect. Indeed, the liquid film surrounding the Taylor bubble can present a
high aeration level. To overcome this constraint, Fadlalla et al. [29] applied simultaneously
two video processing algorithms (adaptive thresholding (AT) and background subtraction
(BS)) to video recordings for extracting void fraction time series. AR and BS are two
algorithms of machine vision that allow, according to the authors, “to interpret, process,
and understand visual information from the environment”. The authors explained that the
utilization of this combined method allowed them to use the advantage of each algorithm,
permitting them to better capture both Taylor bubble/liquid slug and gas bubbles/liquid
slug interfaces.

However, the direct/camera visualization technique has two main drawbacks: the
use of transparent pipes, which implies its use only at a laboratory scale; and the difficulty
to visualize the liquid slugs at high gas superficial or mixture velocities where the slugs
become highly aerated due to complex phenomena, such as coalescence and the breakup of
gas bubbles [30-35].

3. Time Series Signals of Physical Parameters

To overcome the weakness of the camera recording, explained in Section 2, several
researchers have used and/or developed specific techniques to detect the passage of the
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liquid slugs and elongated bubbles [36,37]. This can be achieved by collecting the temporal
signals of parameters that are “sensitive” to the passage of liquid slugs and elongated
bubble interfaces. Furthermore, the passage of liquid slugs and elongated bubbles induces
important differences in the values of some physical parameters, as shown in Figure 5, with
a void fraction time series. In addition, the obtained time series allows us to quantify the
number of liquid slugs passing.
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Figure 5. Example of void fraction time series collected by Maldonado et al. [34] using a capacitive
wire-mesh sensor showing the region of Taylor bubble and liquid slug. Reprinted from Experimental
Thermal and Fluid Science, vol. 151, Paul A. D. Maldonado, Carolina C. Rodrigues, Ernesto Mancilla,
Eduardo N. dos Santos, Roberto da Fonseca Junior, Moises A. Marcelino Neto, Marco J. da Silva,
Rigoberto E. M. Morales, Spatial distribution of void fraction in the liquid slug in vertical Gas-Liquid
slug flow, page 5, Copyright © 2023, with permission from Elsevier.

3.1. Instrumentations

The different instrumentation employed to collect the different flow parameters sensi-
tive to the passage of liquid slugs and elongated bubbles are summarized in Table 1.

Table 1. Summary of the different instrumentations used for the measurement of SF.

Physical Parameter Instrumentation References
Optical probe [38—44]
Laser sensor [45]

- Non-invasive ultrasonic transducer [46]
Infrared ray detecting device [47]
Distributed acoustic sensing (DAS) [8]
Capacitance/capacitive sensor [48-58]
Conductance/conductivity probe [59-65]
Four-sensor conductivity probe [66]
Impedence void-meter [67]

Liquid holdup/void fraction

Electrical capacitance tomography (ECT)  [68-72]

Electrical resistance tomography (ERT) [73,74]

Gamma ray densitometer [75-83]
Wire-mesh sensor (WMS) [84-87]
Resistivity sensor [88-92]
Differential pressure transducer [93]

High-speed camera [29]
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Table 1. Cont.

Physical Parameter Instrumentation References
Absolute/gauge pressure Absolute/gauge pressure transducer [10,94-96]
Differential pressure Differential pressure transducer [15,97-100]
Ultrasound Doppler velocimetry (UDV) [101,102]
Liquid velocity Particle image velocimetry (PIV) [103]
Laser Doppler velocimetry (LDV) [104]
Gas velocity Shadow size technique (SS) [105]

Here, the instrumentation is classified according to the physical parameter associated
with it. Images of some instrumentation indicated in Table 1 are depicted in Figure 6. As
a reminder by Errigo et al. [106], some instrumentations can be invasive (requiring direct
contact with the multiphase flow medium) or intrusive (requiring its location within the
multiphase flow medium). Each instrument has its own advantages and weaknesses, and
it is difficult to find one that combines the qualities of being inexpensive, non-intrusive,
and offering a good resolution [107].

+ & Electrodes

Upper measurement
electrodes

y
Guard electrodes
'

Lower measurement
electrodes

Helically wrapped
\ fiber cable

____ Fuid Flowin the Pipe PR

Figure 6. Examples of (a) conductance probe; (b) ECT; (¢) WMS used in Zhao et al. [86] (Copyright
©2016, Zhao et al.); and (d) wrapped fiber cable of distributed acoustic sensing (DAS) used by
Ali et al. [8] (Copyright ©2024, Ali et al.).

The optical probe technique is based on the difference in refractive indexes between
gas and liquid phases [108]. Therefore, the optical probe can be used basically as a phase
identifier for the gas-liquid mixture. Thus, the signals provided by this technique allow
us to distinguish between liquid and gas phases. Note that the obtained signal does not
necessarily represent the cross-sectional liquid holdup or void fraction. The same remark
holds for the non-invasive ultrasonic transducer, laser sensor, and DAS.

The void fraction, or liquid holdup, is considered the most important parameter to
characterize the gas-liquid two-phase flow [29]. This fact explains the popularity of using
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this kind of signal for measuring SF as well as the great variety of developed instrumen-
tations. Generally, this kind of instrumentation is based on the difference in conductivity
or permittivity of the gas and liquid phases. The electrical conductivity is used in the
case of conductive liquids, such as water, while the electrical capacitance is employed for
non-conductive fluids, such as oil [58].

If the majority of the instrumentations, such as conductance and capacitance probes,
give a global void fraction/liquid holdup (cross-sectional averaged), the techniques based
on tomography (ECT, ERT, and WMS) and the four-sensor conductivity probe allow us
to measure the void fraction/liquid holdup at different positions through cross-sectional
pipe. The present review focuses only on the measurement of the slug frequency, and thus,
no detailed information about these instrumentations is presented. The interested reader
can find further information and deep discussions on the different instrumentations in
Refs. [58,109-114]. Note that if the majority of the void fraction/liquid fraction measure-
ments have been developed for laboratory scale utilization, several efforts have been carried
out these recent years for extending their applicability to industrial scales [58,113-117]. As
achievements, some tomographic techniques such as ERT, ECT, and WMS have reached
TRL 7 to TRL 9 [113]. Yu et al. [93] used the pressure drop time series acquired between
two points in a vertical pipe to extract the temporal signals of the void fraction. This was
performed by subtraction of the calculated theoretically frictional pressure drop term from
the total measured pressure drop to extract the gravitational pressure drop. The latter is
directly related to the void fraction. Further details about this method can be found in Jia
et al. [118]. It should be noted that this method can only be applied to vertical and inclined
pipes. As mentioned in Section 2, the flow videos can also be used to extract the void
fraction. The main weakness of this approach relies on the fact that the collected images
give a 2D measurement, and thus, the third dimension is neglected [29]. Additionally, the
accuracy of detecting correctly the bubble images is strongly influenced by the resolution of
the imaging system and lighting conditions [29]. The pressure (absolute, gauge, differential)
transducers are easy to use and are largely employed in industry. Further details about
this technique are summarized in Ref. [119]. The techniques for measuring liquid and gas
velocities are local methods. Furthermore, the measurement point location has to be chosen
correctly for capturing the passage of the two intermittent structures. Due to the effect
of gravity force on the elongated bubble shape (see, for instance, Figure 1), it is better to
consider the measurement point near the upper wall and near the center of the pipe in the
cases of horizontal and vertical pipes, respectively.

3.2. Objective Methods to Detect the Liquid Slugs and Elongated Bubble

The detection of the liquid slugs and the elongated bubbles from temporal signals is
not always an easy task. Indeed, as explained in Section 2, the high aeration of the liquid
slugs in the region of high values of gas or mixture velocity has as consequence that the
slug liquid holdup does not reach important values when liquid slugs pass by. This induces
a difficulty to discern between the traces left by the liquid slugs and the elongated bubbles.
One also notes that due to the effect of the buoyancy in horizontal and inclined pipes,
the gas distribution within liquid slugs is not homogenously distributed along the radial
direction [18], and the shape of the gas/liquid interface can be strongly distorted [120]. This
further complicates the detection of the liquid slugs. In horizontal and slightly inclined
pipes, the occurrence of pseudo-slugs, roll waves, and/or waves in the zones of high gas
superficial velocity and low liquid superficial velocity produces the apparition of additional
peaks in the time series, inducing an overestimation of SF calculation, as shown in Figure 7.
In vertical upward flow, the detection of the liquid slug nose/Taylor bubble tail interface
is further complicated by the presence of wakes, produced by flow recirculation regions
just behind the Taylor bubbles [5,121], and the presence of small bubbles surrounding the
Taylor bubbles [29].
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Figure 7. Example of pressure drop time series showing the peaks induced by the passage of liquid
slugs (orange crosses) and by the presence of different kinds of flow structures (waves, roll waves or
pseudo slugs) (green crosses). Copyright ©2022, Sassi et al. Note that the green crosses are added
and not part of the original source.

Despite these problems, several authors [69,71,84] worked with these “raw” signals.
With the liquid holdup or void fraction time series, other research groups preferred to
use a critical value of these parameters to differentiate between the two structures. For
horizontal pipe, Nydal [122] considered a threshold value (TV) of 0.7 of the liquid holdup
for this instance. The values of liquid holdup greater and less than this critical value
are considered the traces left by the liquid slugs and the elongated bubbles, respectively
(Figure 8). Note that this critical value was also considered for vertical pipe [123] and
annulus pipe [124]. As mentioned in Abdul Basith et al. [125], Manolis [126] used a critical
value of 0.85 as the threshold value. All these studies were carried out with air-water or
air-silicone oil mixtures. Okezue [80] selected 0.7 as the threshold value of liquid holdup
for his experiments carried out with high-viscosity liquid—-gas two-phase flow. Archibong-
Eso [127] explained that the liquid holdup of the elongated bubble/liquid film structure
for high viscosity two-phase flow can be higher than 0.7. By inspecting the time series for
different liquid slugs, Schmelter et al. [128] concluded that it is not possible to have one
universal threshold value. As a consequence, it has to be chosen carefully and individually
for each time series [129]. On the other hand, Zhao et al. [68], Baba et al. [72,81], and
Dong et al. [56] used the mean of the maximal and the minimal recorded liquid holdup
values for each signal as TV. While Archibong-Eso et al. [130] used the mean of liquid
holdup values for a time series as a threshold value. Note that the term threshold is also
referred to as a cut and cut-off factor in some references [88,90].

If TV is used for liquid holdup and void fraction time series, Wilkens and Thomas [98]
applied them for pressure drop time series to isolate the pictures left by the liquid slugs
and those due to the presence of pseudo-slugs and waves. The threshold value is based
on the calculation of the minimal value of pressure drop generated by the passage of one
liquid slug given by Equation (1).

Ls, weerps Ve
APppe slug — zfsTpss/ 1
where f, Ls weT, ps, Vs, and D are the Fanning friction factor, the considered liquid slug
length, slug density, slug translational velocity and pipe diameter, respectively. The slug

velocity is approximated by the mixture velocity (Equation (2)).

Vm = Vs + Vsg, ()
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The authors employed the formula of Drew et al. [131] to calculate the Fanning friction
factor (Equation (3)).
0.125

s

where Re; is the Reynolds number of liquid slugs, calculated as follows:

Re, = PLPVs) (4)
L
where pr, and y are the liquid density and viscosity, respectively.
The considered liquid slug length is given as follows:

Lmin lf Lmin < LDP

. , 5
Lpp if Liin = Lpp ©)

L, wer = {

where L,,;,, and Lpp are the minimum length of a stable hydrodynamic slug and the differential
pressure tap spacing, respectively. The former is calculated through Equation (6).

Lipin = D(lo Vst + 5)/ (6)

The W&T method was validated with video recording measurements. An average
relative error of 5% was reported.

On the other hand, Ujang [132] used the translational velocity to discern between the
liquid slugs from pseudo-slug/roll wave structures. She extracted the velocity of each
structure visible in liquid holdup by dividing the distance between the two by the time lag,
Atgpyg OF Atyaee, which is the time the peak front takes to travel between those probes. The
SF was computed by considering only the peak that has a velocity greater than V). Indeed,
the pseudo-slug and roll wave structures flow with a velocity lower than V.

Liquid Holdup (-)

0 5 10 15 20 25 30
Time (s)

Figure 8. Experimental holdup time series with depiction of the threshold to detect the passage of
liquid slugs. Reproduced from Eyo and Lao [124]. Reprinted from AICHE Journal, vol. 65, e16711,
Edem N. Eyo, Liyun Lao, Slug flow characterization in horizontal annulus, page 5, Copyright © 2019
American Institute of Chemical Engineers, with permission from WILEY.

3.3. Signal Binarization Techniques

Some researchers preferred to binarize the obtained time series in order to obtain
square signals with only two values: 0 and 1. This technique is notably used for extracting
the liquid slug (Ls) and elongated bubble (L,) lengths. In his PhD thesis, Kouba [48]
binarized the time series of liquid holdup using a threshold value. Each point of the time
series that is superior to the threshold values becomes 1, otherwise, it is assigned a value of
zero. The threshold value is chosen subjectively depending on the time series trace; i.e., for
each signal (and thus for each experimental condition), a specific TV is selected. Examples
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of the original signal (a) and binarization signals are given in Figure 9a. Losi et al. [54],
Rosas et al. [89], Babakhani Dehkordi et al. [43], and Rodrigues et al. [87,90] employed
this method. These works were carried out for horizontal and slightly horizontal pipes.
Mi et al. [67] applied this technique for the case of vertical pipe, but there are no details
about how the binarization was performed.
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Figure 9. Threshold cut value applied to a normalized voltage or an instantaneous liquid holdup
time series. (a) using a single threshold value (TV) and (b) using one threshold value for slug region
(TVs1g) and the other for the film (TVj,,). Reprinted from Flow Measurement and Instrumentation,
vol. 79, Gabriel Soto-Cortes, Eduardo Pereyra, Cem Sarica, Carlos Torres, Auzan Soedarmo, Signal
processing for slug flow analysis via a voltage or instantaneous liquid holdup time series, page 2,
Copyright © 2021, with permission from Elsevier.

More recently, Naidek et al. [92] extracted the derivative of the time series. This
allowed them to identify the fronts of the elongated bubbles and liquid slugs through the
apparition of peaks in derivative time series. Then, the threshold value can be selected.
On the other hand, dos Santos et al. [58] used the probability density function (PDF) for
each time series to select the threshold value. Considering that the PDF obtained from void
fraction/liquid holdup time series in the case of intermittent flow has a bimodal shape,
the authors considered the value of void fraction corresponding to the lower value of PDF
between the two peaks as the threshold value.

As discussed and analyzed by Soto-Cortes et al. [133], the use of a threshold value
to isolate the two intermittent structures has the disadvantage of considering the waves
and pseudo-slugs as slug flow, as well as one slug pulse can be considered as two sep-
arated liquid slugs (see, for instance, the black arrows in Figure 9a). In addition, there
is no consensus about the threshold value, and one has to check the effect of the value
on capturing the slug unit [43] or by applying the binarization technique together with
flow image analysis [134]. To overcome these limits, Al-Safran [135] used two threshold
values as depicted in Figure 9b. The higher and lower threshold values (TV,,e and TV,
respectively) are used to detect the liquid slugs and elongated bubbles, respectively. Mean-
while, the choice of two values of TVs remains subjective. Additionally, the cases when the
liquid holdup values are between the two threshold values are confusing [136]. Based on
the critical analysis of these two techniques, Soto-Cortes et al. [133,137] proposed a new
procedure when cut threshold values are calculated using a statistical algorithm, giving it
the advantage of being objective. The method was validated notably through SE.

According to the literature review presented here, the techniques for detecting the
passage of elongated bubbles and liquid slugs are mostly developed for horizontal and
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slightly horizontal pipes. This can be explained by the fact that the slug frequency was
mainly studied for these pipe inclinations.

4. Methods for Calculating SF

From the recording videos or from signal time series, several methods were proposed
to calculate the slug frequency. These can be classified into two direct categories: counting
method and power spectral density (PSD).

4.1. Counting Method

From different types of time series as well as video recordings provided from cameras,
the SF can be estimated through the counting method. The mean SF (f;) is the number of
peaks generated by the liquid slugs passage (IN) over the time series duration (T) as follows:

— N
fS:H/ (7)

In addition to this intuitive method, SF can also be computed for each slug (f;) through
the time between two consecutive slugs (AT;) [38,138]. In this case, the nose or the tail of
the liquid slugs (or elongated bubble) are chosen as a reference point.

Similarly, some authors extracted from time series the translational or residence time
of the slug unit (Ts;) given by Equation (8), which is the time needed for a slug unit to pass
through a certain cross-section [5,29,85,87,90]. Thus, it is the sum of the translational times
of the elongated bubble (T,;) and of the liquid slug (T};), as depicted in Figure 10.

1 1
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Figure 10. Example of binarized liquid holdup signals showing the translational times of liquid slug
(T}s) and elongated bubble (T,;).

On the other hand, do Ameral et al. [19] computed SF from the elongated bubble
translational velocity (V7p) and the length of slug unit (Ls,) (Equation (9)). The latter is the
sum of lengths of liquid slug (L;;) and elongated bubble (L,).

ﬁ:£; ©)

The results of SF given by Equations (8) and (9) are for each slug unit or liquid slug.
The mean SF values are calculated by averaging the values collected for the N slug unit
as follows:

Fo= LN o (10)
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The classical counting method (Equation (7)) gives only the mean value, while the
estimation of SF from the calculation of the residence time allows to know the SF of each
passing slug. Furthermore, this method also allows to extract the statistical distribution of
SFE. Thus, a statistical study can be carried out. On the other hand, the classical counting
method has the advantage of being easy to apply.

4.2. Power Spectral Density (PSD)

SF can be estimated from the frequency spectrum obtained using the power spectral
density. This mathematical tool allows detecting the frequencies present in a time series
and assigning them to various physical phenomena in a system [139]. The PSD can be
obtained by applying the Fast Fourier Transform (FFT) algorithm to the autocorrelation
of a time series [7,15,71,123,140]. An example of PSD is given in Figure 11. The frequency
corresponding to the higher PSD value is termed the dominant frequency, while the other
peaks result from the presence of harmonic frequencies [15,51]. Traditionally, the domi-
nant frequency is usually associated with SF [15,26,51,75,141,142]. Schmelter et al. [129]
explained that computing PSD from the Welch method gives more robust results than a
pure FFT. This is due to the additional smoothing performed by the Welch method, which
allows better highlighting the desired phenomenon (SF in this case) [143].

103 i EE|

The maximum power at the
dominant frequency

10" b=

gt

f(Hz)

Figure 11. Example of frequency spectrum obtained by applying PSD to the void fraction time series.
Taken from [141]. Reprinted from International Journal of Multiphase Flow, vol. 37 (8), Wael H. Ahmed,
Experimental investigation of air—oil slug flow using capacitance probes, hot-film anemometer, and
image processing, page 886, Copyright © 2011, with permission from Elsevier.

5. Uncertainty of SF Measurement

There are few works where the uncertainties in the measurement of SF were estimated
and given. Kesana et al. [144] mentioned that the uncertainty associated with SF arises
from the number of liquid slugs passing by the sensor during the acquisition time. The
uncertainty was evaluated from the standard deviation calculated using measurements
obtained by subdividing the signals into segments. Bertola and Cafaro [40] found that PSD
gives higher values of standard deviation compared with the counting method. On the
other hand, Bressani and Mazza [134] explained that the uncertainties associated with SE,
which were estimated from the residence time, are due to the bubble nose velocity, the
resident contact time, and the threshold value chosen for the binarization. They estimated
the uncertainty to be about 1.2%. Soedarmo [145] calculated the uncertainty of SF by the
ratio of 2 over the acquisition time duration. For the cases where the structure frequencies
were estimated from two probes placed at different positions, Soedarmo [145] added the
ratio of the difference between the results given by the two probes used to the acquisition
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time duration. For the slug frequency obtained from the high-speed camera computed
using Equation (9), Fadlalla et al. [29] estimated its uncertainty by evaluating the error in
the measurement of the time and the length of the slug using the recorded images.

6. Discussions

The present review has highlighted a great number of developed instrumentations,
techniques, and methods, yet there are few works where these are compared. In Table 2, we
summarize the findings reported by the studies comparing different techniques. In general,
a good agreement is observed; meanwhile, some important deviations were reported by
applying PSD and the counting method (with or without signal binarization) to the liquid
holdup/void fraction time series [84,93,145].

Table 2. Summary of the findings reported obtained by comparing the results obtained by the

different instrumentation, techniques and methods.

Ref. Fluids and Pipe Geometry Used Techniques Used Findings
Air-water, 19.05 mm ID, and Manually counting .Of the passed “Good agreement” was reported
Gregory and Scott [10] o slug, and pressure time series .
0=0 . according to the authors
(counting)
. . Video camera (counting) and " P
Odozi [78] Air-water—oil, 77.92 mm ID, and, liquid holdup time series Good agreement” was reported

0=0°

(counting)

according to the authors

Kaji et al. [84]

Air-water, 52.3, and 0 = 90°

Void fraction time series (counting
and PSD)

The counting methods slightly
overestimates the results with a
difference ranging from —20%
to +50%.

Kesana et al. [145]

Air-water and air-water+carboxy
methyl cellulose (CMC), 76.2 mm
ID, and 6 = 0°

Void fraction time series (counting
and PSD)

The counting method slightly
underestimates the results obtained by
PSD with a difference ranging
between —30% and +20%

Zhao et al. [68]

Air—oil, 26 and 74 mm ID, and
0=0°

Liquid holdup time series
(counting with a binarized signal
and PSD)

“Consistent values” were obtained
according to the authors

Abdulkadir et al. [123]

Air-silicone oil, 67 mm ID, and
0 =90°

Void fraction time series (counting
with a threshold value of 0.3 and
PSD)

“Reasonably good agreement” was
reported according to the authors

Jaeger et al. [96]

Air-water, 94 mm ID, and 6 = 90°

Camera video (counting) and
pressure time series (counting and
PSD)

“Good agreement” was reported
according to the authors

Akhlaghi et al. [146]

Air-water, 44 mm ID, and, 6 = 0°

Video (counting) and pressure
time series (PSD)

The difference in the results obtained
by both methods are in the range
of +5%.

Arabi et al. [15]

Air-water, 30 mm ID, and 6 = 0°

Pressure drop time series (PSD,
counting and W&T method)

The W&T method overtimes the
results of PSD with a deviation
between —20% and +700%.

The counting method largely
overestimates the results of PSD with
a deviation ranging from +15%

to +900%.

Sassi et al. [17]

Air-water, 30 mm ID, and 6 = 0°

Video recordings (LSI) and
pressure drop time series (PSD,
counting and W&T method)

The W&T method and PSD slightly
overestimate the results compared to
those obtained by LSI.

Yu et al. [93]

Air-water, 80 mm ID, and 6 = 90°

Void fraction time series (counting
and PSD)

The PSD slightly overestimates the
results with a difference ranging from
—20% to +30%.

Dos Santos et al. [58]

Air—oil, 50.8 mm ID, and 6 = 0°

Void fraction time series (counting
in a binarized signal and PSD)

“Agreement” between the results
obtained by the two method was
reported by the authors
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Arabi et al. [15] compared the results obtained by three methods based on the pressure
drop time series, which include the counting method (when all the peaks are counted), the
W&T methods, and PSD. The authors recommended using PSD. Indeed, according to their
analysis, the W&T method is not applicable when the liquid slugs are strongly aerated and
when several liquid slugs are present simultaneously in the space between the pressure
taps. On the other hand, the counting method largely overestimated the results compared
to the two remaining methods.

Sassi et al. [17] extended the work of Arabi et al. [15] by comparing the results obtained
through the pressure drop time series (using the W&T method and PSD) with the results
obtained using LSI (through the estimation of residence times and PSD applied to the
mean intensity signal of LSI). The results obtained from residence times extracted from
the mean intensity signal of LSI were considered by the authors as the references ones.
It was found that the W&T method tends to overestimate the results for low superficial
liquid ranges. Note that the authors employed two different lengths of space between the
pressure taps for the W&T method (Lpp = 25 cm and 50 cm). Analyzing the presented
results by Sassi et al. [17] (depicted in Figure 12), one can observe that better results were
obtained with smaller pressure tap distances, which confirms the fact that the precision of
this method decreases when several liquid slugs are simultaneously present in the space
between the pressure taps, as stated in Arabi et al. [15]. Concerning the results obtained
from PSD, Sassi et al. [17] reported that the application of this method to both kinds of
signal give, in general, good SF results. Better results were obtained by the temporal signal
of the mean intensity signal of LSL

O Plug-to-Slug transition flow O Slug flow

—
(3]
L

10 1

W&T APi5 (25 cm)
MSE global = 1.51
MSE trans = 1.99
MBSE slug = 1.35

W&T APs; (50 cm)
MSE global = 2.65
MSE trans = 2.14
MSE slug = 2.82

0.0 2i5 5j0 715 10.0 12.5 15.0
Measured freq. (LSI method) [Hz]

Measured freq. (Wilkens & Tomas) [Hz]
[=>]

Figure 12. Comparison between the measured slug frequency using W&M method applied for two
pressure tap distances and LSI method obtained by Sassi et al. [17]. Copyright © 2022, Paulo Sassi et al.

On the other hand, Sassi et al. [17] pointed out also the main problem of PSD. Indeed,
in some cases, the frequency spectrum exhibits several peaks of the same power, inducing
difficulty to determine the main frequency. This problem was previously pointed out by
Hernandez-Perez et al. [51], Lin et al. [100], and Akhlaghi et al. [146]. This is due to the
non-periodic standard function nature of SF and the stochastic nature of the slug flow [147].
The fact that the actual FFT algorithms still present some limitations [148] can be a reason
to consider the results given by the PSD as just an estimation of SE. The PSD also has the
problem of being dependent on the filtering technique used [75]. The application of low
pass filters to obtain the PSD has to be performed with care to not hide the natural slug
frequency [17]. Bertola and Cafaro [40] found that PSD and counting methods gave similar
results for low liquid and gas superficial velocities. Higher liquid and gas superficial
velocities conditions induced the presence of two or three dominant frequencies in the
PSD spectrum. In this case, any dominant frequency matched with the value given by the
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counting method. The latter observation can also be shown with the data presented by
Schmelter et al. [128].

Some studies compared the results obtained using different instrumentations col-
lecting time series of different physical parameters. Hernandez-Perez [149] reported that
measurements of SF obtained using the pressure drop time series are lower than those
obtained using the liquid holdup time series. The author explained that the distance be-
tween the pressure drop taps can be longer or shorter than the lengths of the slug structures.
Thus, the pressure drop time series cannot detect some fluctuations. The same observation
was reported in Azzopardi et al. [150] by comparing the void fraction and pressure drop
time series. One should note that the experiments of Azzopardi et al. [150] were carried
out for zero liquid superficial velocity, which corresponds to batch bubble column reactor
conditions [151-154]. By comparing the signature of the time series of liquid holdup and
absolute pressure, Woods et al. [155] explained that the signals provided by the latter instru-
mentation detect better the passage of liquid slugs in the conditions of high gas superficial
velocities. On the other hand, Luo et al. [156] explained that the passage of liquid slugs is
better “captured” with differential pressure transducers than absolute pressure transducers.
Indeed, the peaks are more apparent with this kind of signal. This is due to the fact that
the pressure drop time series filters out the fluctuations originating from outside the space
between the two pressure taps [157]. To the authors’ best knowledge, there are no works
where the measurements of slug frequency obtained by different techniques measuring
void fraction/liquid holdup time series have been compared.

Regarding the threshold values for the binarization of the signal, Rodrigues et al. [87]
studied the influence of the particular threshold values selected from the obtained results
and concluded that with a maximum relative deviation of 2.24%, the threshold value has
not a great influence on the determination of SE.

7. Conclusions and Recommendations for Future Works

SF is an important parameter for characterizing the intermittent two-phase flow. This
parameter has been mainly studied experimentally, which implies the importance of cor-
rectly measuring it. In this paper, we presented a review of the different instrumentations,
techniques, and methods that have been developed/used for this purpose.

Currently, several methods exist to extract SF from the inputs given by the videos or
time series signals of several physical parameters. The camera recording remains the most
reliable one. However, it can be used only at the laboratory scale. The estimation of SF
from the residence time gives the advantage of extracting the distribution function, which
is very useful for statistical characterization of SE. The PSD has the advantage of being easy
to use and implement. Meanwhile, several peaks can appear for some cases, complicating
the estimation of SE.

This review highlights that despite the efforts achieved, there is no complete and
reliable instrumentation/technique/method able to measure SF for a great range of exper-
iments. Therefore, the recourse to the high-speed camera, and thus, to transparent pipe,
remains the most reliable tool, notably for the validation purposes.

Based on the synthesized state-of-the-art, the authors strongly recommend future
studies perform the following:

e  Pursue efforts for developing and optimizing the measurement techniques and meth-
ods. To achieve this goal, improvements of the techniques for the selection of the
threshold values for distinct between the traces left by elongated bubbles and liquid
slugs are required. The approach proposed recently by Soto-Cortes et al. [133,137]
seems to be very promising, and additional validations, notably for different oil
viscosities and pipe inclinations, have to be carried out.

e  Extend the applicability of the instrumentation and methods to industrial/field scales
by increasing the TRL. The conceptualization of transducers that are robust, easy
to maintain, and able to work in harsh conditions (high temperature and pressure,
occurrence of importance change in the operating conditions, and presence of complex
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and abrasive fluids), as well as employing fast processors are the greatest challenges
that have to be faced.

Carry out more studies on vertical and inclined pipes.

Encourage further comparison between the results obtained from different instrumen-
tation techniques.

Continue research on the most appropriate FFT algorithms for SE.

Estimate of uncertainties associated with the measurement of SF.
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Abbreviations

AT Adaptive thresholding

BS Background subtraction

CMC Carboxy methyl cellulose

DAS Distributed acoustic sensing

ECT Electrical capacitance tomography

ERT Electrical resistance tomography

FFT Fast Fourier transform

FIV Flow-induced vibration

LDV Laser doppler velocimetry

LSI Line-scan Image

PIV Particle image velocimetry

PDF Probability density function

PSD Power spectral density

SF Slug frequency

TRL Technological readiness level

UbV Ultrasound doppler velocimetry

W&T Wilkens and Thomas

WMS Wire-mesh sensor

Nomenclature

D Pipe diameter [m]
f Fanning friction factor [-]
fs Slug frequency [s~]
fs Mean slug frequency [s71]
Lpp Differential pressure tap spacing [m]
Lep Elongated bubble length [m]
Ly Liquid slug length [m]
Ly Slug unit length [m]
L min Minimum length of a stable hydrodynamic slug [m]
Ls wet Considered slug length in the Wilkens and method  [m]
N Number of liquid slugs [-]
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Res Slug Reynolds number [-]

TV Threshold value [-]
TVim Threshold value for liquid film region [-]
TVsiug Threshold value for liquid slug region [-]

Top Translational time of the elongated bubble [s]

Ts Translational time of the liquid slug [s]

Tsu Translational time of the slug unit [s]

Vm Mixture velocity [m.s~!]
Vs Slug velocity [m.s~!]
Vr Elongated bubble translational velocity [m.s~!1]
Vsc Gas superficial velocity [m.s~1]
Vs Liquid superficial velocity [m.s™1]
Greek letters

AP Pressure drop [Pa]
APoye stug Pressure drop generated by one liquid slug [Pa]
AT Time duration [s]
ATgpg Time lag between two consecutive slugs [s]

AT wave Time lag between two consecutive waves [s]

0 Pipe inclination [°]

UL Liquid viscosity [Pa.s]
oL Liquid density [kg.m~3]
0Os Slug density [kg.m~3]
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