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Abstract
From a literature survey, it has been noticed a lack of objective methods to identify and distinct between
the intermittent flow sub-regimes. Thus, the aim of this study is to analyze pressure drop fluctuations
using statistical methods in order to propose simple tools to characterize the sub-regimes of the
intermittent flow. The pressure drop time series were collected from experiments carried out using air-
water mixture and 30 mm ID pipe. The utilization of transparent pipes allowed to identify three sub-
regimes which are Plug flow, Less Aerated Slug flow (LAS flow), and Highly Aerated Slug flow (HAS flow).
It was found that the PDF displayed a unimodal distribution in all cases studied. Meanwhile, the
representation of the base width and maximum values of PDF as function of the gas-to-liquid superficial
velocities ratio and the mixture Froude number, respectively, showed that the points for each sub-regime
are clustered in the same zone. So, these two feature spaces can be used to identify the sub-regimes. A
third feature space, based on the statistical parameters standard deviation and kurtosis, was also
proposed as a tool to distinguish between the three sub-regimes.

1 Introduction
In many industrial installations, a gas and a liquid can flow together. For instance, in the oil and gas
industry (Kiran et al., 2020) or in chemical reactors (Wang et al., 2021), where several types of fluids are
encountered. Moreover, a phase change caused by evaporation or condensation may induce the
appearance of a second one in a pipe. Such phenomena occur mainly in petroleum and gas production
and in nuclear reactors (Sassi et al., 2020).

It is important to identify and control the flow pattern for a better design and control of the industrial
devices (Raeiszadeh et al., 2018). Under certain conditions, the liquid and gas phases may flow
alternately and irregularly as elongated bubble (also called gas pocket or gas slug) and bulk of liquid
regions filling the entire pipe as liquid slug (Mohmmed et al., 2021, Liu et al., 2022), resulting in the
intermittence of flow parameters such as pressure, void fraction, flow rates of both phases, heat and
mass coefficients, etc. This flow regime, called intermittent flow, represents a destructive flow pattern
(Saini et al., 2022; Adouni et al., 2022), which makes it challenging for the engineers. Indeed, the
alternating flow of the two structures causes several industrial problems such as instability of heat and
mass exchange in chemical reactors and liquid overflow in upstream installations. To date, the exact
nature of the intermittent flows is not yet well known (Mohmmed et al., 2021). Subdividing the
intermittent regime into sub-regimes may be a way to better understand and comprehend this type of
flow, especially from the aspect of fluid-structure interaction (Arabi et al., 2020d). Based on the shape of
the elongated bubble/liquid slug interface and the aeration of the slugs, Thaker and Banerjee (2015,
2016a) proposed to classify the intermittent flow into three sub-regimes:

Plug flow (Fig. 1.a): In this flow sub-regime, the liquid slugs are free from gas bubbles. The elongated
bubble has a staircase shape tail with a hydraulic jump followed by a long tail.
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Less Aerated Slug flow (LAS flow) (Fig. 1.b): The transition from plug flow to slug flow is
accompanied by the presence of gas bubbles inside the liquid slugs. In LAS flow, the liquid slugs
transport small quantities of gas bubbles. The elongated bubbles end by a simple hydraulic jump
without a presence of the long tail.

Highly Aerated Slug flow (HAS flow) (Fig. 1.c): Comparatively to LAS flow, the liquid slugs in the case
of HAS flow carried out large quantities of gas bubbles. The presence of eddies due to the secondary
flow represents also a criterion used to differentiate the HAS flow from LAS flow.

Our group has obtained interesting results using this classification approach in series of recent works.
Indeed, it was found that the slug frequency (Arabi et al., 2020), the pressure drop (Arabi et al., 2021c) and
the behaviour of the flow structures crossing a sudden expansion (Arabi et al., 2021d), depend on the
nature of the sub-regime. Despite these results, the investigations carried out using these sub-regimes
classification are still scarce, as indicated by the limited number of existing flow pattern maps, showing
the zones of the existence of these sub-regimes (Thaker and Banerjee, 2016; Dinaryanto et al., 2018;
Humami et al., 2018).

As mentioned earlier, this approach to classify sub-regimes, as well as flow regimes (Arabi et al., 2022), is
based on visual observations. This technique of identifying and distinguishing between regimes and sub-
regimes is restricted to transparent pipes. As recently reminded by Arabi et al. (2022), various devices for
measuring different flow parameters such as static pressure (Drahoš et al., 1987; Luo et al, 2010;
Hanafizadeh et al., 2016), differential pressure between two points in the pipe (pressure drop) (Luo et al.,
2010; Arabi et al., 2018), void fraction (Kong et al., 2018; Bouyahiaoui et al., 2020), liquid holdup
(Deendarlianto et al., 2019; Arellano et al., 2020), velocity (Wang et al., 2020; Xu et al., 2020) and
temperature (Guo et al., 2020) have been used to characterize the flows and in particular to identify the
flow regimes. Temporal fluctuations of flow parameters in two-phase flows (except for the case of
smooth stratified flow) do not allow considering the averaged parameters as reliable data. Excluding the
fluctuating components of these parameters does not reflect the physical reality of the phenomena
(Wang and Shoji, 2002), especially in case of intermittent flows where fluctuations are the most
important. The analysis of time series signal fluctuations is done either through signal visualization
(Weismann et al., 1979; Dinaryanto et al., 2018; Arabi et al., 2018; Ma et al., 2020), or by using statistical
tools, notably statistical moments (Kadji et al., 2009; Zeghloul et al., 2017) and the Probability Density
Function (PDF) (Drahos̆ and C̆ermák, 1989; Amani et al., 2020). It should be observed that frequency
analysis has also been used (Wang and Shoji, 2002; Arabi et al., 2018). Utilization of more sophisticated
analysis techniques was also reported in the literature (see for instance the reviews carried out recently by
Saini and Banerjee (2021) and Wijayanta et al. (2022)). The PDF obtained from void fraction or liquid
holdup series is frequently used as a tool to identify the regimes (Costigan and Whalley, 1997; Parsi et al.,
2017; Abdulkadir et al., 2020a, 2020b). Indeed, each regime has its own PDF shape. The transitions
between the regimes can also be detected by an abrupt change in some parameters’ values (Bertola,
2003). Ye and Guo (2013) have extracted different statistical parameters and principal components from
pressure signals in order to propose a tool for identifying the flow patterns in pipeline-riser systems. By
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applying different feature space, which designates the plot of the collected data using the calculated
parameters as coordinates, the authors have found that the data of each regime are clustered in separate
region. It is important to note that the feature space is not widely used to study two-phase flow in straight
pipe. Abdulkadir et al. (2018) used it by plotting the mixture velocity versus the measured mean void
fraction values. The authors reported that this feature space can be used as a flow pattern map for both
horizontal and vertical pipes. By plotting the slug frequency data using the gas based Strouhal number as
function of the mixture Froude number, Arabi et al. (2020) proposed this feature space as a tool to
distinguish between the sub-regimes of the intermittent flow.

Among the most common flow monitoring devices in the industry, the absolute and differential pressure
transducer have several advantages: robust, easy to use, non-intrusive and inexpensive (Arabi et al., 2020;
Wu et al., 2022). Weismann et al. (1979) used pressure drop signals between two points in a pipe for the
flow regimes identification in horizontal configuration. They observed that the signal for each flow regime
is characterized by its own signature. The signal is smooth for the stratified regime, and contains low
amplitude peaks for the wavy flow. For the slug regime, the signal is composed of large peaks with high
amplitudes, indicative of the passage of slugs. Indeed, the differential pressure values oscillate with the
frequency of liquid slug (Kim and Kim, 2022). The absolute pressure sensor can also be used to detect
the passage of liquid slugs (Lin and Hanratty, 1987a; Saini and Banerjee, 2021; Thaker et al., 2021).
Wambsganss et al. (1994) plotted the static pressure Root Mean Square (RMS) parameter as function of
the mass quality. The authors found that such representation can predict the plug-bubble/slug flow and
slug/annular flow transitions well.

By applying the PDF on absolute and differential pressure signals collected from a 50 mm ID horizontal
pipe, Luo et al. (2010) found that the PDF of the pressure drop signals had a unimodal profile in case of
slug flow while those obtained from the absolute pressure drop signals could have a unimodal or
bimodal distribution. They also found that an increase in phasic superficial velocity leads to an increase
in the maximum pressure drop, in the maximum pressure and the dispersion of the values collected with
the two kinds of signals. It should be noted that the authors observed that the peaks, indicative of the
passage of the slugs, were more pronounced in case of differential pressure signals than those obtained
with the absolute pressure sensor. This is due to the fact that the former type of sensor filters out the
original fluctuations from outside the interval between the two points connected to the pressure sensors
(Arabi et al., 2020). Wang et al. (2019) were able to correlate the fluctuations of the pressure drop signals
with the void fraction for the bubbly, plug and slug flow regimes. The authors applied the Extreme-Point
Symmetric Mode Decomposition (ESMD) components on differential pressure signals collected across a
venturi placed on a 40 mm ID horizontal pipe.

Regarding the studies on time series analysis carried out with the sub-regimes of the intermittent flow,
Dinaryanto et al. (2018) analyzed the fluctuations of the absolute pressure signals collected on a 16 mm
pipe. In the slug and plug flow (which is a transition between plug and LAS flow (Thaker and Banerjee,
2015; Arabi et al., 2021a)), the pressure signals are characterized by small and low fluctuations. The
values given by the signals as well as the fluctuations are larger in case of LAS flow. The HAS flow is
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characterized by the largest static pressure values and the largest fluctuations. In this study, the authors
studied qualitatively the pressure signals for each sub-regime. No quantitative criteria were proposed to
distinguish between the sub-regimes. Saini and Banerjee (2021) explained that absolute pressure signals
cannot be used as a means of distinguishing between plug, LAS and HAS flows. They proposed to apply
the recurrence analysis to these signals. This method is based on the reconstructed phase space
trajectory representing non-linear signals from the system in d-dimensional space. From signals obtained
using air-water and 25 mm ID pipe, the authors have reported that the recurrence plot and quantification
parameters change as the flow transits from one to another sub-regime.

Despite the interesting results obtained by Saini and Banerjee (2021) using the above-mentioned
quantitative method, the level of complexity of the latter makes it difficult to be applied on an industrial
scale. The present study investigates the fluctuations of the differential pressure time series using simple
statistical parameters, such as PDF and statistical moments. The aim of this paper is to propose simple
and objective tools to identify and distinct between the sub-regimes of the intermittent flow. The
originality of this work resides also in the use of feature space using the parameters obtained from
calculated statistical moments and PDF. This paper is a continuation of our works on plug, LAS and HAS
flow sub-regimes observed in a 30 mm ID pipe (Arabi, 2019; Arabi et al., 2020b, 2021b, 2021c).

2 Experimental Setup
To carry out this study, a series of pressure drop acquisitions were made using an experimental setup
designed to reproduce the stratified, wavy and intermittent gas-liquid flow on horizontal pipes. The
diagram of the experimental setup is given in Fig.2. A mixture of air and water were used to generate a
gas-liquid two-phase flow. The water and air circulate in close and open circuit, respectively. The flow
rates of each phase were measured and injected into a 30 mm ID and 13 m length pipe. An ultrasonic
flowmeter and rotameter were used to measure the flow rates of water and air, respectively.

This study concerns the sub-regimes plug, LAS and HAS flows. The sub-regimes were identified from
direct observations of the flows through the transparent pipe. The observations are made at a distance of
5.5 m from the input mixer.

The differential pressure transducer is placed to record the pressure drop between points located at 5.2
and 5.8 m from the input mixer. For the detail of the uncertainty associated with the instrumentation
used, the readers can be oriented to the refs. (Arabi, 2019; Arabi et al., 2020, 2021b). For each flow pair of
superficial velocities, a signal of 30 s duration was sampled with a frequency of 500 Hz. In order to
choose the signal duration, the evolution of the mean pressure drop and the standard deviation was
plotted as function of the signal duration (Fig. 3) for different values of gas superficial velocity (VSG) and
for liquid superficial velocity (VSL) equals to 0.354 m/s. From Fig. 3, it appears that starting from a
sampling duration of 20 s, the signal duration has no influence on the mean and standard deviation. The
sampling frequency was chosen on the basis of the Power Spectral Density (PSD) spectrum (Fig. 4). We
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can see clearly from this frequency analysis that the PSD is distributed in the frequency band below 10
Hz; which indicates that the sampling frequency of 500 Hz is largely sufficient.

3 Results And Discussion
3.1 Flow map

In the present study, a total of 90 visual observations and signal acquisitions were made. The flow
conditions, for each sub-regime observed, are plotted in Fig.5 using the superficial velocities of both
phases as coordinates. It appears that the transitions between the three sub-regimes depend only on the
gas superficial velocity in the experimental conditions studied. Indeed, it was found the presence of plug
flow for the case of VSG ≤ 0.786 m/s. The LAS flow is observed for the intermediate values of gas
superficial velocities, while the HAS flow was reported for VSG ≥ 2.35 m/s. For the authors best
knowledge, the LAS/HAS flow transition is reported for the first time in such large pipe. In fact, the
existing flow pattern maps of Dinaryanto et al. (2018), Thaker and Banerjee (2016) and Humami et al.
(2018) were obtained using a 16, 25 and 26 mm ID pipes, respectively.

3.2 Pressure drop signals

In Fig. 6, we have represented the pressure drop gradient signal collected for VSL = 0.212 m/s and for
different gas superficial velocities and sub-regimes. In Plug flow (Figs. 6. a and b), we can observe that
the signal is composed of fluctuations, characterizing the alternating passage of liquid slugs and gas
pockets in the space between the two pressure taps. The increase of the gas superficial velocities induces
a transition to LAS flow. The signal in case of slug flow is also composed of peaks as reported by
Weismann et al. (1979), Luo et al., (2010), Arabi et al., (2018, 2020) and Duan et al. (2022). Meanwhile,
the amplitudes of signal peaks are more important in the former. With the transition to HAS flow, the
amplitude of peaks also increases, which is triggered by the strong aeration of the liquid slugs. The
observation of the signals represented in Fig. 6 showed also that an increase of VSG induces an increment
of the amplitude of the peaks, which induces a raise of maxima and minima pressure drop gradient
recorded values. Thus, the dispersion of values collected for each signal increases.

Figures 7 and 8 display the signals collected for different gas superficial velocities and for VSL equal to
0.354 and 0.778 m/s, respectively. The same behavior reported in the case of VSL = 0.212 m/s was
observed: An increment of gas superficial velocity induces an increase of the maximum and minimum
pressure drop collected. The latter provokes a rise of the dispersion of the values collected in each signal.
The comparison between the signals displayed in Figs. 6.a, 7.a and 8.a (VSG = 0.436 m/s), Figs. 6.b, 7.b
and 8.b (VSG = 0.786 m/s), Figs. 6.c, 7.c et 8.c (VSG = 1.179 m/s), Figs. 6.d, 7.d et 8.d (VSG = 1.965 m/s),
Figs 6.e, 7.e and 8.e (VSG = 2.751 m/s) and Figs. 6.f, 7.f and 8.f (VSG = 3.537 m/s) shows that an increase
of the liquid superficial velocity causes a rise of the peak’s number, demonstrating the increase of the
slug frequency, which is in adequacy with the observation reported in the works dedicated to the study of
this parameter (Thaker and Banerjee, 2016; Arabi et al., 2020; Abdul-Majeed et al., 2021a; Sassi et al.,
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2022). The comparison between the figures showed also that the increase of VSL, as VGS, provokes an
increase of the absolute values of the maxima and minimum of pressure drop collected.

3.3 PDF

The Probability Density Functions (PDF) of a time series signal parameter expresses the frequency
occurrence, expressed in %, of a parameter value in a time series. As mentioned in the section 1, the PDF
extracted from void fraction or liquid holdup time series is generally used to identify the flow patterns.
Abdulkadir et al. (2018) found that the void fraction’s PDF of plug and slug flow have different shape.
Indeed, the PDF exhibits two peaks in the latter, while the PDF has a single peak followed by a broadening
tail in the plug flow. Using the same kind of signal, Fossa (2001) plotted the maximum values of each
PDF obtained as function of the gas superficial velocity. The plug-to-slug flow transition is detected by
the occurrence of the maximum of the maxima values of the PDF.

The calculated PDF from the signals collected for VSL = 0.212 m/s are represented in Fig. 9. Qualitative
examination of the PDFs obtained in case of plug flow shows that small peak, with a value of ≈ 3.5-6%,
is apparent. The PDF, in these cases, is distinguished by a small base width, due to the small amplitude
of the differential pressure signals in case of plug flow, as reported in section 3.2. With the transition to
the slug flow (LAS and HAS flows combined), we can see in Fig. 9 the increase of a peak in the PDF. The
unimodal distribution of the PDF characterizes the slug regime, as suggested by Luo et al. (2010). The
increase of the gas superficial velocity leads also to a broadening of the base of the PDF. This is due to
an increase of maximum and minimum values of pressure drop values collected, as also reported in
section 3.2.

A comparison between the PDF displayed in Figs. 9, 10 and 11 demonstrates that an increase of the
liquid superficial velocity induces a flattening of the PDF’s, with an increase of their base width and a
decrease of the values of maximum of the PDF collected. It was also concluded that the shape of the
PDF obtained using pressure drop signals cannot be used to identify the sub-regimes.

We have plotted the base width of the PDF as function of the gas-to-liquid superficial velocities ratio
(VSG/VSL) and the maximum values of the PDF collected for each signal as function of the mixture

Froude number  in Fig. 12.a and Fig. 12.b, respectively. VM refers to the mixture
velocity, which is the sum of the gas and liquid superficial velocities (VM = VSG + VSL). We can observe,
from Fig. 12.a, that the PDF base width is more important in the HAS flow than in the LAS flow, which in
turn are larger than in the plug flow regime. It appears from the two plots that the points for each sub-
regime are grouped in the same zone, indicating that these feature spaces can be used as a tool to
distinguish between plug, LAS and HAS flows. The obtained flow transition lines between plug and LAS
flows and LAS and HAS flows are drawn by solid and dashed lines, respectively. The interesting results
observed with the two feature spaces indicate that the mixture Froude number and the gas-to-liquid
superficial velocities ratio play a role on the plug-to-LAS flows and LAS-to-HAS flows transitions. Arabi et
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al. (2021a) have highlighted the influence of these two dimensionless number on the transition from plug
to slug flow.

3.4 Statistical parameters 

Figures 13a, 13.b and 13.c show the variation of standard deviation (Std), skewness (Skw) and kurtosis
(Kur) as a function of gas superficial velocity for different liquid superficial velocities. The detail of
calculation of the three statistical parameters are given in the Appendix. The vertical solid and hatched
lines represent the plug/LAS and LAS/HAS flows transitions, respectively. It is clear, from Fig. 13.a, that
an increase in the gas superficial velocity induces an increase in the standard deviation, regardless the
liquid superficial velocity. This last observation was reported by Luo et al. (2010) in a straight pipe and by
Arabi et al. (2018, 2021d) at the upstream of a sudden expansion. One should note that as the liquid
superficial velocity increases, the gradient of the variation of the standard deviation as a function of VSG

increases. The same behavior was reported by Luo et al. (2010). Moreover, for VSL ≤ 0.283 m/s, the
standard deviation starts to decrease for VSG ≈ 3.0 m/s, before experiencing an increase. This can be
explained by the appearance of pseudo-slugs (Arabi et al., 2018), which occur by the penetration of the
gas phase into liquid slugs, and therefore, the pseudo-slugs do not completely bridge the pipe cross-
section (Abdul-Majeed et al., 2021b). The latter appears for high gas phase flow rates and low liquid
phase superficial velocities as reported by Ruder and Hanratty (1987b), Deendarlianto et al. (2019) and
Fan et al. (2022). It should be noted that there are few studies in the literature that have focused on areas
where liquid slugs and pseudo-slugs are present simultaneously. Exception for the detection of the
presence of the pseudo slugs, it appears that the standard deviation cannot be used as tool to detect the
nature of the sub-regimes. The increase of the liquid superficial velocity leads also to an increase of this
parameter, as also previously reported by Luo et al. (2010).

Concerning the statistical moments skewness and kurtosis, it seems that an increase in the gas phase
flow rate leads to an increase in the values of both statistical parameters. However, with the transition to
the HAS flow, the values of the skewness and kurtosis decrease in the case of high liquid superficial
velocities.

Finally, we have plotted a feature space using the standard deviation and the kurtosis as coordinates in
Fig. 14. This figure shows that the level of the standard deviation is significant of each sub-regime, higher
for HAS flow, less for LAS and lower for plug flow. Similar to Figs. 12.a and 12.b, the points for each sub-
regime are clustered in the same zone, so we can state that this type of representation can be used as a
flow map to differentiate between the three sub-regimes observed. The solid and dashed lines represent
the transitions between the plug and LAS flow and between LAS and HAS flows, respectively. It would be
interesting to include other data, obtained using other pipe diameters and other fluids, to confirm the
validity of this flow chart for further conditions.

4 Conclusions
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The purpose of this work is to study the pressure drop signals fluctuations in order to characterize the
sub-regimes of intermittent flow. Therefore, a series of pressure drop acquisitions were made in a 30 mm
ID horizontal pipe for three sub-regimes: Plug, LAS and HAS flows. The time signals of differential
pressure were studied qualitatively and quantitatively using statistical tools. The main conclusions can
be summarized as follows:

- For the conditions studied, it was found that only the gas superficial velocity plays a role in the transition
of the observed sub-regimes. Indeed, Plug/LAS and LAS/HAS flows transitions were achieved for
constant values of VSG.

- The shape of PDF for the cases studied was characterized by a unimodal distribution. Meanwhile, the
representation of the base width of the PDF as function of the ratio gas-to-liquid superficial velocities and
maximum values of PDF as function of the mixture Froude number can be used as flow map to identify
the three sub-regimes.

- Despite the nature of the sub-regime, an increase in phasic superficial velocities increased the absolute
values of the standard deviation of the pressure drop.

- The apparition of pseudo-slugs induces a variation of the standard deviation.

- Depictions of the results using as coordinates the kurtosis and standard deviation showed that this type
of representation can also be used as a feature space to characterize the three sub-regimes studied.
Regarding the three feature spaces proposed, it is important to add additional data obtained with other
flow conditions to validate them or to correct the flow transitions.
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Figure 1

Images of (a) Plug flow; (b) LAS flow and (c) HAS flow observed using a 30 mm ID pipe and air-water
mixture. Reprinted from International Journal of Heat and Mass Transfer, vol. 181, Abderraouf Arabi,
Yacine Salhi, Youcef Zenati, El-Khider Si-Ahmed, Jack Legrand, A Discussion on the Relation Between the
Intermittent Flow Sub-Regimes and the Frictional Pressure Drop, 121895, copyright 2021, with permission
from Elsevier.
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Figure 2

Diagram of the experimental setup used. (1): compressor; (2): air rotameter; (3): 30 mm ID pipe; (4):
Differential pressure transducer; (5): decantation tank; (6): pump; (7): liquid tank; (8): Pump; (9): By-pass;
(10): ultrasonic liquid flow meter.
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Figure 3

Influence of the sampling duration on mean and standard deviation of the pressure drop gradient for
different values of VSG and VSL = 0.354 m/s.
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Figure 4

Example of Power Spectral Density (PSD) obtained (VSL = 0.495 m/s and VSG = 1.572 m/s).
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Figure 5

Plot the experimental data points of the three sub-regimes observed using VSL-VSG plane.
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Figure 6

Examples of pressure drop gradient signal obtained for different gas superficial velocities and VSL =
0.212 m/s.
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Figure 7

Examples of pressure drop gradient signal obtained for different gas superficial velocities and VSL =
0.354 m/s.
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Figure 8

Examples of pressure drop gradient signal obtained for different gas superficial velocities and VSL =
0.778 m/s.
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Figure 9

Examples of PDF obtained for different gas superficial velocities and VSL = 0.212 m/s.
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Figure 10

Examples of PDF obtained for different gas superficial velocities and VSL = 0.354 m/s.
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Figure 11

Examples of PDF obtained for different gas superficial velocities and VSL = 0.778 m/s.
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Figure 12

The plot of the data collected for each sub-regime using (a) Base width of PDF in function of the gas-to-
liquid superficial velocities ratio (VSG/VSL) and (b) Maximum values of PDF against mixture Froude
number (FrM).



Page 26/27

Figure 13

Influence of VSG on (a) standard deviation; (b) skewness and (c) kurtosis.
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Figure 14

The plot of the data collected for each sub-regime using standard deviation in function of the kurtosis.
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