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ARTICLE INFO ABSTRACT
Keywords: The estimation and prediction of the characteristic frequency of intermittent structures present in intermittent
Gas-liquid vertical downward flow vertical downward two-phase flow is of primary importance for the design and operations of systems involving

Intermittent flow
Characteristic frequency
Flow map

Predictive correlation

this kind of flow. This paper aims to present, for the first time, a detailed quantitative analysis of the charac-
teristic frequencies of intermittent flows in this flow configuration. The study was conducted through a series of
experiments in a 30 mm ID pipe using an air-water mixture. Absolute pressure time series were acquired at three
axial locations and analyzed using the Welch’s method to extract the characteristic frequencies.

Visual observations using a high-speed camera enabled the identification and discussion of the distinct
structures present in the three flow regimes (cap bubble, slug and churn) of intermittent flow. Based on an
analysis of the forces acting during transitions between the different flow regimes, the dimensionless mixture
Froude number and the modified Lockhart-Martinelli parameter were employed for mapping the three flow
regimes, demonstrating high predictive capabilities. In addition, the analysis of the measured characteristic
frequencies showed that they increase during the flow development, reaching a fully developed value at 56.33 L/
D. These frequencies are strongly influenced by the gas superficial velocity. Interestingly, the measured total
pressure drops were found to be directly related to both the characteristic frequencies and the flow regime type.
Finally, a new empirical correlation was introduced, outperforming the existing one.
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Abreviation
Abreviation
CCS Carbon capture and storage
CFD Computational fluid dynamics fe Gas friction factor [-]
FFT Fast Fourier transform f Liquid friction factor [-]
ID Inner diameter fe Characteristic frequency [Hz]
PSD Power spectral density fe, cal Calculated characteristic frequency [Hz]
Nomenclature fe, mea Measured characteristic frequency [Hz]
a Empirical coefficient [-] fs Slug frequency [Hz]
AARE Average absolute relative error [-1 Fry Mixture Froude number [-1
ARE Average relative error [-1 Frsg Gas based Froude number [-1
b Empirical coefficent [-] Frgp, Liquid based Froude number [-]
c Empirical coefficient [-] 4 Gravitational acceleration [m.s2]
D Pipe diameter [m] Kur Kurtosis [-1
Dy max Maximum distorted bubble limit [m] L Length [m]
dP/dL Pressure drop gradient [Pa.m™'] N Number of data points [-]
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(continued)
Abreviation
P Pressure [Pa]
Prax Maximum pressure [Pa]
Puin Minimum pressure [Pa]
NFFT Number of FFT points used to compute the spectrum [-]
R? Coefficient of determination [-]
RE Relative error [-]
Reg Gas Reynolds number [-]
Rey, Liquid Reynolds number [-]
Skw Skewness [-]
Std Standard deviation [-]
t Time [-]
X Lockhart-Martinelli parameter [-]
X Modified Lockhart-Martinelli parameter [-]
\%Y Mixture velocity [m.s 1]
Vsg Gas superficial velocity [m.s™}]
% Liquid superficial velocity [m.s1]
Greek letters
L Input liquid fraction [-]
HE Liquid viscosity [Pa.s]
PG Gas density [kg.m ™3]
L Liquid density [kg.m ™3]

1. Introduction

Vertical downward gas-liquid two-phase flows are present during
the steam and gas injection operations in oil and gas industry as well as
in carbon capture and storage (CCS) (Abdulkadir et al., 2021; Hammer
et al., 2021; Bai et al., 2023). This latter is widely recognized as a key
technology in efforts to mitigate climate change (Vaziri et al., 2024; Bai
et al., 2024). This has motivated significant efforts to improve the
implementation of CCS projects (Lu et al., 2018; Peng et al., 2024;
Chinello et al., 2024), notably through the adaptation of models and
software originally developed for multiphase flow in petroleum engi-
neering to CCS applications (Aursand et al., 2013).

Compared to vertical upward flows, the vertical downward two-
phase flow has received less attention in the literature. The main
studies have primarily focused on flow regimes mapping, or liquid
holdup and pressure drop measurements and modeling (Bouyahiaoui
et al., 2024). Previous research works (Zadrazil et al., 2014; Qiao et al.,
2022; Saidj et al., 2025) have discussed the unique physical phenomena
that occur in each vertical downward regime flow, which significantly
impact global parameters such as pressure drop and liquid holdup. The
reported findings motivate the need for further investigation of the
hydrodynamic characteristics of each flow regime, in order to enhance
the understanding of flow behavior in this orientation.

Similar to other pipe orientations, vertical downward flows can be
categorized into three main regimes: segregated, dispersed, and inter-
mittent (Barnea et al., 1982; Abdul-Majeed et al., 2025). In segregated
flow, gas and liquid phases flow separately, as observed in annular and
falling film patterns (Ayegba et al., 2025). Dispersed flow involves gas
bubbles distributed within a continuous liquid phase (Garbin et al.,
2025). Intermittent flow is characterized by alternating sequences of
rich liquid and gas structures (Sarkodie et al., 2023; Holagh and Ahmed,
2024; Saidj et al., 2025; Mohmmed et al., 2025). Within vertical
downward flows, intermittent regimes include cap bubble, slug, and
churn flows.

Intermittent flow is considered the most complex regime from both
industrial and modeling perspectives. The alternating presence of the
two rich liquid and gas structures can lead to operational challenges
such as pipe erosion-corrosion and significant pressure fluctuations
(Arabi et al., 2025a). Modeling these flows is further complicated by
dynamic interfaces, gas entrainment within liquid slugs, the statistical
variability of slug characteristics and the different instabilities present
(Fabre and Liné, 1992; Holagh and Ahmed, 2025). Accurate modeling
necessitates closure relations for parameters like slug translational
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velocity, liquid holdup, slug length, and frequency (Arabi et al., 2025a).
Therefore, experimental investigations of the hydrodynamics of inter-
mittent flows are essential for developing robust physical models that
can predict both flow behavior and associated transport phenomena
(Holagh and Ahmed, 2024, 2025; Zhai et al., 2025).

Despite its industrial relevance, vertical downward intermittent flow
has been less extensively studied than its upward and horizontal coun-
terparts. The main experimental studies are summarized in Table 1.
Martin (1976) and Usui and Sato (1989) examined the complex
morphology of Taylor bubble noses in downward flows and their impact
on slug translational velocity. Sekoguchi et al. (1996a, 1996b) identified
various sub-regimes within slug flow, referred to as plug flows, and
highlighted differences in bubble dynamics within liquid slugs across
these sub-regimes. Subsequent studies utilized similar experimental
setups to analyze liquid slug length distributions and churn flow wave
characteristics were carried out by Sekoguchi et al. (1996a) and Mori
et al. (1996), respectively. Bouyahiaoui et al. (2018) generated a data-
base of slug parameters from void fraction time series obtained using the
conductance probe technique. In a comparative study, Bouyahiaoui
et al. (2020) analyzed churn flow behaviors in both upward and
downward orientations, revealing differences in distribution coefficients
and translational velocities. More recently, Saidj et al. (2025) recently
showed differences in slug liquid holdup between upward and down-
ward vertical flows.

On the other hand, the alternating passage of gas and liquid domi-
nant structures in intermittent flow occurs at a natural or intrinsic fre-
quency. Given that intermittent flow is commonly referred to as "slug
flow" (Mohmmed et al., 2021), this intrinsic frequency is often termed
slug frequency. Throughout this paper, we adopt the broader term
intermittent characteristic frequency when referring collectively to cap
bubble, slug, and churn flows, while the terms cap bubble frequency,
slug frequency, and churn frequency will be used to specify frequency of
each regime individually. Slug frequency has garnered significant
attention in the literature due to its wide-ranging practical implications.
As previously discussed, it serves as a critical closure parameter in
one-dimensional mechanistic models used for modelling intermittent
flows, which are widely integrated in oil and gas industry simulation
tools (Johansson et al., 2024). Recently, Arabi et al. (2025a) emphasized
the broader utility of slug frequency in industrial applications. Their

Table 1
Summary of previous experimental investigations focusing on gas-liquid cap
bubble, slug and churn flows in vertical downward configuration.

Authors and Fluids used Pipe Parameters studied

year diameter
[mm]
Martin (1976) Air-water 26, 101.6 Slug translational velocity
and 140
Usui and Sato Air-water 16 and 24 Void fraction profile, and slug
(1989) translational velocity
Sekoguchi et al. Air-water 25.8 Slug liquid holdup, and gas slug
(1996b) (atP=0.2 velocity
MPa)
Sekoguchi et al. Air-water 25.8 Length of liquid slug structures
(1996a) (atP=0.2 (swelling liquid front zone, and
MPa) wake zone), and void fraction
profile within liquid slug
Mori et al. Air-water 25.8 Waves characteristics (time-
(1996) (atP =0.2 spatial evolution, width,

MPa) velocity, and liquid holdup
maximal) of churn flow

Bouyahiaoui Air-water 34 Slug translational velocity, slug
et al. (2018) length, Taylor bubble length,
liquid film thickness, and slug
frequency
Bouyahiaoui Air-water 34 Churn translational velocity
et al. (2020)
Saidj et al. Air-water 34 Slug liquid holdup
(2025)
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Table 2

Parameters used in the power density spectral analysis.
Parameter Value
Time 60 s
Sampling frequency 1000 Hz
Time increment per sample 0.001 s
Window size 2048
Number of ensembles 29
NFFT 65536 (=29

review showed that slug frequency is not only a modeling tool but also a
benchmark for validating three-dimensional computational fluid dy-
namics (CFD) simulations. Furthermore, this parameter directly affects
pressure drop, overall heat transfer coefficient, corrosion rates, and wax
deposition in pipelines. In addition, Arabi et al. (2025a) explained that
slug frequency affects both the frequency of momentum fluctuations in
the pipe, which can trigger resonance phenomena, and the impact forces
exerted on pipe fittings. As a result, slug frequency plays a critical role in
addressing challenges related to flow-induced vibrations (FIV). This
highlights the critical importance of accurately predicting slug fre-
quency, particularly for industries operating with intermittent multi-
phase flow systems. The inherently complex dynamics governing slug
frequency remain insufficiently understood, limiting the effectiveness of
purely theoretical models (Mohmmed et al., 2025). As a result, research
in this area has predominantly relied on experimental investigations
(Gregory and Scott, 1969; Legius et al., 1997; van Hout et al., 2003;
Arabi et al., 2020a; Cao et al., 2024; Rodrigues et al., 2025). Conse-
quently, numerous empirical correlations have been proposed to predict
slug frequency in horizontal, vertical upward, and inclined pipes
(Gregory and Scott, 1969; Heywood and Richardson, 1979; Legius et al.,
1997; Fossa et al., 2003; Abdul-Majeed et al., 2020; Arabi et al., 2020;
Garcia et al., 2023; Rodrigues et al., 2025).

For vertical downward flow, and to the authors best knowledge,
Bouyahiaoui et al. (2018) is the only study in which the measurements
of slug frequency in vertical downward flow were carried out. The au-
thors proposed an empirical correlation for predicting the slug fre-
quency (fy), given as:

(€Y

)

f;=0.10144; (0'0117 V—’%”)
D

where D, g, Vy and 1, are the pipe diameter, gravitational acceleration,

mixture velocity, and input liquid fraction, respectively. The mixture

velocity corresponds to the sum of the liquid and gas superficial veloc-

ities (Eq. (2)), while the input liquid fraction refers to the liquid holdup

in the case of no slip between the two phases (Eq. (3)).

V=V + Vsg 2)
Vs
= Vir 3

An analysis of the work by Bouyahiaoui et al. (2018) shows that the
authors did not perform a parametric study on the factors influencing
slug frequency. This indicates that slug frequency remains largely
underexplored in vertical downward flow. This knowledge gap is even
more pronounced in the case of cap bubble and churn flow frequencies,
which have received no attention in the literature.

From the presented state-of-the-art, it can be concluded that
advancing the understanding of intermittent vertical downward flow
requires a detailed characterization of its characteristic frequencies,
which have received limited attention in the previous studies. The pre-
sent study aims to fill this gap through a comprehensive experimental
analysis of the characteristic frequencies associated with cap-bubble,
slug, and churn flows. The influence of gas superficial velocity and the
spatial evolution of these frequencies are analyzed for the first time in
this flow orientation. Additionally, the relationship between these
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frequencies and the overall pressure drop is examined, and a new
empirical correlation is finally proposed.

2. Experimental setup and data processing
2.1. Experimental facility

The schematic diagram of the experimental facility used in this study
is presented in Fig. 1. The test section is constructed from transparent
acrylic and has an inner diameter of 30 mm. It is composed of four
distinct sections: a bottom horizontal segment, a vertical upward
segment, a top horizontal segment, and a vertical downward segment,
with respective lengths of 5.10 m, 3.36 m, 5.10 m and 3.00 m. These
segments are interconnected by bends with a radius of curvature of
219.9 mm. A centrifugal pump circulates water from a storage tank to
the inlet mixer, and the liquid flow rate is regulated via a variable fre-
quency drive (VFD). Flow rate measurements are performed using an
electromagnetic flow meter with an accuracy of +0.8 %. The gas mass
flow rate is controlled and monitored by a mass flow controller with a
precision of +0.8 %. Air and water phases are mixed using a Y-type
mixer, where the water is injected horizontally at the entrance of the
bottom horizontal section. For additional details about the experimental
setup, readers are referred to our previous works (Sassi et al., 2022;
Hohn et al., 2025). The maximum absolute uncertainties associated with
the liquid and gas superficial velocities are estimated to be 0.02 m/s and
0.05 m/s, respectively. Further details are provided in Arabi et al.
(2025Db).

2.2. Instrumentation

The absolute pressure time series were recorded using Omega
PX482A-060AI transducers located in vertical downward flow section,
which offer an accuracy of +0.3 %. The transducers were installed at
three axial positions corresponding to L/D = 23.00, L/D = 56.33, and L/
D = 73.00, where L is the distance from the end of the 90° bend. Pressure
time series data were simultaneously acquired using a Keysight U2542A
USB data acquisition system, operating at a sampling frequency of 1000
Hz over a duration of 60 s. Flow visualization was carried out using a
Photron FASTCAM Mini UX100 high-speed camera (800K type), and
positioned approximately at L/D =~ 87.00.

2.3. Pressure time series processing

In this study, the characteristic frequencies were obtained from
pressure time series recorded using absolute pressure transducers,
described in Section 2.1. This instrumentation is notable for its robust-
ness, non-intrusive nature, ease of implementation, and industrial
applicability (Arabi et al., 2024). Given that this type of sensor is widely
used across various scales, the results obtained at the laboratory scale
can be reliably extrapolated to semi-pilot, pilot, and industrial scales. As
shown in the flowchart depicted in Fig. 2, the collected pressure time
series are first filtered before applying Power Spectral Density (PSD)
analysis to extract the characteristic frequency. Each step is further
explained below:

a Raw data filtering

The raw parietal pressure time series were denoised using a wavelet-
based filtering approach. Specifically, the Daubechies wavelet method
(Daubechies, 1992) was employed, utilizing the MATLAB code devel-
oped by Soto-Cortés et al. (2021a, 2021b). This algorithm relies on a
Symlet4 wave decomposition, which has been shown by Soto-Cortes
(2014) to be particularly suitable for analyzing “slug-like” signals. Given
that the optimal filtering level depends on the noise content of the signal
(Soedarmo et al., 2019), a sensitivity analysis was performed using
multiple filter levels (1 through 5). As illustrated in Fig. 3, based on a
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Fig. 1. Schematic diagram of experimental setup used in the present study. (1) air compressor; (2) gas mass flowmeter; (3) water tank; (4) water pump; (5) VFD; (6)
liquid flowmeter; (7) air-water inlet mixer; (8) bottom horizontal segment; (9) vertical upward segment; (10) top horizontal segment; (11) vertical downward
segment; (12) pressure transducers; (13) high-speed camera; and (14) LED projector.

Data acquisition
(Raw data)

Signal filtering

v

Power Spectral
Density (PSD)

Characteristic
frequency extraction

Fig. 2. Flowchart of the pressure signal processing procedure adopted in the
present study. Rectangles represent input and outputs, while parallelograms
denote signal processing steps.

representative signal collected at Vg, = 2.05 m/s and Vs = 3.00 m/s, no
significant change in the filtered signal was observed beyond level 3. By
plotting the evolution of key statistical parameters including, maximum
pressure (Ppax), minimum pressure (Ppn), standard deviation (Std),
skewness (Skw), and kurtosis (Kur), against the filter level in Fig. 4, it
was observed that all parameters reach asymptotic values at level 3.
Following the recommendation of Soedarmo et al. (2019), the lowest
filtering level beyond which no substantial signal alteration occurs was
selected. Thus, the filter level 3 was adopted for all subsequent data
processing.

b Power spectral density

The Fast Fourier Transform (FFT) is a computationally efficient
method widely used to estimate the frequency content of time series
data. It has been described as “the most important numerical algorithm
of our lifetime” (Henry, 2024). In the context of multiphase flow, FFT is
typically employed to analyze the energy distribution within a signal via
the power spectral density function.

In the present study, we applied the Welch’s method, implemented
through the function pwelch in MATLAB, to extract the frequency
components from the mean-centered pressure fluctuation time series.
The parameters used in the PSD analysis are summarized in Table 2.
Readers interested in further details of the methodology are referred to
Soto-Cortes et al. (2021a, 2021b) and Al-Alweet et al. (2025). The choice
of the Welch method is motivated by its use of smoothing techniques,
which enhance the resolution of spectral peaks and reduce noise,
resulting in clearer identification of dominant frequencies. This benefit,
highlighted by Schmelter et al. (2021), is clearly illustrated in Fig. 5.,
which compare typical frequency spectra obtained using the Welch’s
method and the classical FFT, respectively. In these spectra, the domi-
nant frequency, identified by the highest amplitude peak, corresponds to
the main structure frequency present in the flow. Smaller secondary
peaks are attributed to the presence of harmonic frequencies
(Hernandez—Perez et al., 2010a). The dominant frequency is often
referred in the literature to the characteristic frequency of the flow
(Hernandez—Perez et al., 2010a; Arabi et al., 2020). The extraction of
dominant frequency from the PSD spectrum has been employed in
numerous studies, as recently detailed in the review on slug frequency
measurement presented by Hohn et al. (2024).

2.4. Test matrix

A total of 50 experimental conditions were selected for the present
study. The experiments were conducted using four distinct liquid su-
perficial velocities of 1.75, 2.05, 2.36, and 2.63 m/s, combined with
thirteen gas superficial velocities ranging from 0.20 to 6.00 m/s. The
complete experimental matrix is illustrated in Fig. 6. Due to limitations
of the present experimental setup, particularly the capacity of the
pumping system, it was not possible to achieve Vgs values exceeding 4
m/s for Vg, = 2.63 m/s. For comparative purposes, the experimental
conditions from the study of Bouyahiaoui et al. (2018) are also included
in Fig. 6. It is noteworthy that the present study explores a greater values
of Vi compared to the work of Bouyahiaoui et al. (2018). The narrower
range of Vg in their experiments can be attributed to their exclusive
focus on slug flow regimes.
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Fig. 3. Example of data filtering results collected for Vg, = 2.05 m/s and Vg =
3.00 m/s at L/D = 73.00.

3. Results and discussion
3.1. Flow regimes

Fig. 7 presents a sequence of images illustrating the flow structures
observed under cap bubble flow conditions at Vg; = 2.63 m/s and Vsg =
0.25 m/s. The flow consists of a continuous liquid phase within which
gas is transported in the form of two different length classes of bubbles:
small scall dispersed bubbles and larger scale cap-shaped bubbles. The
characteristic length of the cap bubbles is of the same order of magni-
tude as the pipe diameter, and, as consequence, exceeds the maximum
stable diameter of distorted bubbles (D4, max) as defined in Eq. (4) (Ishii
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Fig. 4. Evolution of (a) maximum absolute pressure (Ppay), (b) minimum ab-
solute pressure (Pnn), (c) standard deviation (Std), (d) skewness (Skw) and (e)
kurtosis (kur) as function of the filtered level for Vg; = 2.05 m/s and Vsg = 3.00
m/s at different axis locations. The filter level 0 corresponds to the raw signals.

and Zuber, 1979). According to this criterion, these structures are
qualified as Group II bubbles (Hibiki et al., 2004). Consequently, the cap
bubble flow regime has to be categorized as an intermittent flow rather
than bubbly flow. It is worth noting that Sekoguchi et al. (1996b) pre-
viously described cap bubble flow as a sub-regime of slug flow, referring
to it under the abbreviation Pyy.

c
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Fig. 5. Example of PSD obtained using (a) Welch method and (b) classical PSD
(Vs = 2.05 m/s and Vg = 3.00 m/s at 73.00D).
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Fig. 6. Plot of the experimental conditions of the present study as well as those
of Bouyahiaoui et al. (2018) in a Vg, vs Vg chart.

Cap bubbles arise as a result of bubble coalescence, which intensifies
with the increase in void fraction driven by the rising gas superficial
velocity. In vertical downward flow, dispersed gas bubbles tend to
concentrate toward the center of the pipe (Qiao et al., 2022). As a result,
the coalescence rate in this configuration is higher than that observed in
vertical upward flow. Given their larger volume and the influence of
buoyancy, cap bubbles generally travel at a lower velocity than
dispersed bubbles. This difference of velocity leads to frequent collisions
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and coalescence between dispersed and cap bubbles. These interactions
predominantly occur in the upper region of the cap bubbles, as clearly
illustrated in the image sequence captured between 37.5 ms and 62.50
ms (Fig. 7.g-k).

As the gas flow rate increases, the frequency and intensity of bubbles
interactions rise accordingly, promoting the progressive coalescence
into elongated gas bubbles known as Taylor bubbles, named in honor of
Geoffrey Taylor, the British physicist and mathematician renowned for
his pioneering work on slug flow. These bubbles are hallmark features of
slug flow. In this regime, the flow is characterized by a distinct alter-
nation between Taylor bubbles encased in an annular liquid film and
liquid slugs transporting dispersed gas bubbles. Representative images
of these structures observed are shown in Fig. 8. Similar to vertical
upward flow, the elongated bubble in vertical downward flow displays a
rounded nose and a relatively flat tail pointing upward. Moreover, the
elongated bubble exhibits a more irregular interface than that typically
observed in vertical upward slug flow. A region of intense turbulence is
can typically be seen at the interface between the elongated bubble and
the preceding liquid slug, which is refereed as wake region. This tur-
bulence stems from the recirculating zone formed by the plunging liquid
jet, which develops as the surrounding annular film converges and im-
pacts the bubble’s tail. This plunging jet is induced by the momentum of
the trailing liquid slug exerting pressure on the Taylor bubble, as
recently described by Saidj et al. (2025).

Interestingly, for Vg; = 2.63 m/s and low gas superficial velocities,
the elongated bubble adopts a distinct morphology compared to other
conditions. As depicted in Fig. 9, both the nose and tail of the bubble
appear rounded, giving it a more symmetrical shape. To the best of the
authors’ knowledge, this flow behavior was only previously discussed by
Sekoguchi et al. (1996a, 1996b), who categorized it as Pig flow. In this
sub-regime, they also reported a reduced slippage velocity between the
gas bubbles and the surrounding liquid within the slugs.

As observed in vertical upward flow, further increases in the gas
superficial velocity leads to the breakdown of the interface between
elongated gas bubbles and liquid slugs, resulting in the transition to
churn flow. Representative images of churn flow captured at Vg, = 2.63
m/s and Vsg = 4.00 m/s are presented in Fig. 10. In this regime, the
previously well-defined Taylor bubbles are replaced by wisps, gas
pathways meandering through liquid-rich zones. These structures are
analogous to those observed in vertical upward churn flow, as described
in Hernandez-Perez et al. (2010b). Within the wisps, disturbance waves
(surrounded in yellow in Fig. 10.a-f) can be observed propagating
through the gas-liquid mixture (Fig. 10.a-h). Following the wisps, one
can see a highly aerated liquid bridge transporting a significant number
of small gas bubbles (Fig. 10.i). This bridge, characterized by its intense
gas entrainment and chaotic motion, contributes to the pulsating and
unstable nature typical of churn flow.

3.2. Flow regime map

To date, identifying the most appropriate coordinates systems for
flow regime mapping remains a challenge (Wu et al., 2017; Arellano
et al., 2020; Osundare et al., 2022; Korelstein and Pereyra, 2023; Arabi
et al., 2025c). The observed flow regimes result from the interplay of
various forces acting within the two-phase system. In vertical downward
flow, a key factor is the competition between the gas-liquid mixture
inertial force and the buoyancy force, which acts in the direction
opposite to the flow. This force balance can be characterized by the
mixture Froude number (Fry;) defined in Eq. (5).

PL Vu
P M 5
0y —re) &b ®

On the other hand, in vertical downward flow, the gas-liquid
mixture is also subject to a competing interaction between the inertia of
the gas and liquid phases. This balance can be effectively characterized

Fry=
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(Hr=31.25ms

(i) £=50.00 ms (j) t=156.25 ms (k) 1=62.50 ms (1) r=68.75 ms

Fig. 7. Successive images of flow structures present in cap bubble flow observed at Vg, = 2.63 m/s and Vsg = 0.25 m/s.



A. Arabi et al. Gas Science and Engineering 146 (2026) 205827

(i) £=50.00 ms (j) t=156.25 ms (k) =62.50 ms (1) r=68.75 ms

Fig. 8. Successive images of flow structures present in slug flow observed at Vg, = 2.63 m/s and Vs = 1.51 m/s.



A. Arabi et al. Gas Science and Engineering 146 (2026) 205827

(a) £=0.00 ms (b) t=6.25 ms (c) t=12.50 ms (d) z=18.75 ms

(g) 1= 50.00 ms (h) 7=75.00 m

2

(i) r=81.25 ms (G) t=87.50 ms (k) r=106.25 ms (1) r=112.50 ms

Fig. 9. Successive images of flow structures present in slug flow (Prs) observed at Vg, = 2.63 m/s and Vsg = 0.76 m/s.
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(g) 1=7.50 ms (h) = 8.75 ms

(i)t=27.50 ms (G)t=33.75ms (k) t=42.50 ms (I)z=51.25ms

Fig. 10. Successive images of flow structures present in churn flow observed at Vg, = 2.63 m/s and Vsg = 4.00 m/s.
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using the modified Lockhart-Martinelli parameter (X’), which represents
the ratio of the liquid-based Froude number (Frg;) to the gas-based
Froude number (Frsg), as shown in Eq. (6).

P Vs
_ Frg, _ (rL=pc) \/g_ﬁ _ P Vs

7FrSG N el Vsg_ Pe Vse
(PL=rg) /gD

Based on this analysis, the present experimental conditions as well as
those of Lee et al. (2008), Lu et al. (2018) and Bouyahiaoui et al. (2024)
corresponding to the three studied flow regimes were plotted on a flow
map using the modified Lockhart-Martinelli parameter and the mixture
Froude number as coordinates in Fig. 11. The resulting flow map clearly
illustrates that the cap bubble, slug, and churn flow regimes observed for
different pipe diameters occupy distinct and separate regions, thereby
demonstrating the effectiveness of the X' vs Fry; coordinates system in
delineating flow regime boundaries for vertical downward gas-liquid
flows. The cap bubble-to-slug and slug-to-churn flow transitions occur at
approximate X’ values of 165 and 40, respectively. The performance of
the proposed flow map was evaluated by calculating the prediction
success rate (in %), defined as the ratio between the number of correctly
predicted flow regime occurrences and the total number of experimental
data points, for each flow regime and each dataset. This method was
notably employed by Pereyra et al. (2012), and more recently by Bou-
taghane et al. (2023) and Arabi et al. (2025c¢). The results, summarized
in Table 3, clearly show that the success rate exceeds 80 % in the vast
majority of cases, which can be considered a good level of prediction
accuracy according to Boutaghane et al. (2023).

X (6)

3.3. Pressure time series

Fig. 12 shows representative examples of wall pressure fluctuations
measured by the third pressure transducer, located at L/D = 73.00, for
the three flow regimes investigated. To better emphasize peak dynamics
and facilitate comparison across the regimes, only a 10 s portion of the
pressure time series is displayed for each case. The signals were mean-
centered to eliminate bias from the average pressure value, and a
distinct color was assigned to each flow regime for clarity. In all cases,
the time series exhibit alternating peaks and valleys, characteristic of the
intermittent nature of cap bubble, slug, and churn flows. These fluctu-
ations result from variations of the liquid holdup and shear stress, which
in turn impact the local absolute pressure. A clear trend is observed: for a
given liquid superficial velocity, the transition from cap bubble to slug
flow, and subsequently to churn flow, is accompanied by a successive
increase in peak amplitude.

Cap Slug Churn

bubble
O O @ @ PS(3OmmID)
10004 O Y V¥ ¥ L2008 (25.4mmID) b
W, A A A 12008 (50.8 mm ID)
A o e L2018 (50.8 mm ID)
0O W W B2024(34mmID)

= = Cap bubble-to-slug transition (X" = 165)

1004 Slug-to-churn transition (X" = 40) L
S
v
v
104 v v L
b
1 T T T T T T
0 5 10 15 20 25 30 35

Fr,[-]

Fig. 11. Plot of observed flow regimes in the present and by several authors in
the flow chart using X' vs FrM coordinates. The abbreviations PS, 1.2008, L2018
and B2024 refer for present study, Lee et al. (2008), Lu et al. (2018) and
Bouyahiaoui et al. (2024), respectively.
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Table 3
Prediction successful rate of the proposed flow map.
Database Pipe diameter ~ Flow Number of Successful
[mm] regime points rate (%)
Lee et al. (2008) 25.4 Cap 50 70.00
bubble”
Slug 27 81.48
Churn 17 100.00
Lee et al. (2008) 50.8 Cap 28 100.00
bubble®
Slug 25 100.00
Churn 20 80.00
Lu et al. (2018) 50.8 Cap 10 100.00
bubble”
Slug 4 50.00
Bouyahiaoui et al. 34 Cap 8 87.50
(2024) bubble
Slug 27 85.19
Churn 23 100.00
Present study 30 Cap 8 100.00
bubble
Slug 20 95.00
Churn 22 100.00

# The terminology “cap bubbly flow” was used to refer to cap bubble flow in
this reference.

b The terminology “transitional flow” was used to refer to cap bubble flow in
this reference.

The closer inspection reveals that the signals contain multiple scales
of pressure peaks. This observation is consistent with the inherently
multi-scale nature of intermittent two-phase flow. As notably discussed
in Section 3.1, intermittent flow comprises a variety of interacting
structures, including turbulent eddies in the liquid phase, dispersed gas
bubbles within liquid slugs, wake regions with recirculation, and
gas-liquid interfaces surrounding cap and elongated bubbles (Cavalli
et al., 2024). In churn flow, this complexity is further amplified by the
presence of large disturbance waves, wisps and highly aerated liquid
bridges. Due to the wall pressure signal’s sensitivity to hydrodynamic
interactions at different spatial and temporal scales, it becomes
extremely difficult to isolate and count individual peaks corresponding
to elongated bubble or liquid slug passages. Consequently, the direct
extraction of characteristic frequency from peak analysis is impractical,
thereby justifying the use of a frequency-domain method for accurate
quantification. Similar observation was made by Akhlaghi et al. (2020)
in their investigation on horizontal pipe.

3.4. Characteristic frequencies

Fig. 13.a presents representative PSD spectra obtained at various
axial positions along the vertical downward test section. At the upstream
location (=23 L/D), the PSD exhibits a bimodal distribution, with a
pronounced secondary peak. As the flow progresses downstream, this
secondary peak gradually diminishes, while the amplitude of the pri-
mary peak increases. The corresponding characteristic frequencies (f,)
extracted at different axial positions are plotted in Fig. 13.b for the three
investigated flow regimes (cap bubble, slug, and churn flows). A clear
trend emerges: the characteristic frequency generally increases with
axial distance, suggesting that flow development in vertical downward
orientation is accompanied by a fragmentation of the intermittent
structures. This behavior contrasts with that observed in horizontal and
vertical upward flows, where flow development typically leads to a
decrease in frequency due to slug coalescence and growth (Waltrich
et al., 2013; Kong and Kim, 2021). In the case of slug flow, this phe-
nomenon can be attributed to the difference between the liquid slug
velocity and the Taylor bubble translational velocity. In vertical down-
ward flow, the latter is lower than the liquid slug velocity, leading to the
formation of a draining liquid film around the bubble periphery. This
film results in a plunging jet at the bubble base, which promotes the
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Fig. 12. Examples of signals collected of the three flow regimes studied for different conditions of gas and liquid superficial velocities.

detachment of gas bubbles from the elongated structure in the wake
region (Saidj et al., 2025). These detached bubbles may subsequently
coalesce forming new Taylor bubbles, which increases the slug fre-
quency along the pipe. However, this hypothesis requires further vali-
dation through advanced imaging techniques, such as tomographic flow
visualization, placed at multiple axial positions.

Additionally, Fig. 13.b indicates that the characteristic frequency
reaches an asymptotic value beyond the second measurement location,
suggesting the onset of fully developed flow conditions. This observation
is further validated by cross-plotting the cap bubble, slug, and churn
frequencies measured at 73.00D and 56.33D (Fig. 13.c), where the
majority of the data points exhibit a relative difference within +10 %.
This level of agreement can be considered highly satisfactory given the
inherent variability associated with intermittent flow frequency

12

measurements (Hohn et al., 2024).

Fig. 14 presents the evolution of the characteristic frequencies
extracted from the PSD as a function of gas superficial velocity at L =
73.00D, for various values of Vg;. From this figure, it is evident that
increasing Vs leads to a rise in cap bubble frequency. The transition
from cap bubble to slug flow is marked by a sudden drop in character-
istic frequency, which can be attributed to the formation of significantly
longer gas structures, Taylor bubbles, during this regime change. The
elongation of bubbles reduces their passing frequency, hence the
observed drop. For slug flow, a general trend of increasing frequency
with rising Vg is observed, though the general increment is modest. This
positive correlation can be explained by the increase in slug trans-
lational velocity as gas flow rate increases, leading to a higher frequency
of slug passage. It is worth noting that for Vg;, = 2.63 m/s and 0.51 m/s
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Fig. 13. (a)Variation of PSD along the axial location for Vg, = 2.63 m/s and Vsg = 3.00 m/s; (b) variation of the dominant frequencies along the axial locations for
different experimental conditions; and (c) comparison between the collected characteristic frequencies at 73.00D and 56.33 D.

< Vsg < 1.01 m/s, as shown in Fig. 14.d, the slug frequency ranges
between 1.32 and 1.45 Hz, which is significantly lower than the other
slug frequency values recorded at the same liquid superficial velocity.
Interestingly, these conditions correspond to the cases where the Pg

13

sub-regime was observed.

In the churn flow regime, a non-monotonic behavior of frequency
with increasing Vg is observed for each Vg;: (i) an initial rise in churn
frequency with Vgg, (i) a peak followed by a decline; and (iii) a
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Fig. 14. Influence of Vg on characteristic frequencies for different Vg;.

secondary increase at higher Vgs. This complex trend is a reflection of
the multiscale and chaotic nature of churn flow, characterized by the
simultaneous presence of disturbance waves, wisps, and liquid bridges,
each potentially contributing to different frequency components. Since
the PSD analysis yields only the dominant frequency, it may correspond
to the oscillations of one specific structure or an amalgam of overlapping
signals. Further experimental investigations aimed at measuring the
characteristic frequencies of each flow structure, similar to the work of
Sekoguchi and Mori (1997) conducted for vertical upward flow, would
help to more accurately characterize the complex frequency behavior of
churn frequency.

An important observation regarding churn frequency is that the
maximum churn frequency coincides with the point at which the total
pressure gradient (evaluated as the difference in absolute pressure
measured between 73.00D and 56.33D, divided by the distance between
the two pressure transducers) becomes zero, as illustrated in Fig. 15.
Given that the total pressure drop in vertical downward flow results
from the balance between frictional and gravitational gradient pressure
drop components, it can be observed that the transition from a gravity-
dominated regime to one dominated by frictional effects is accompanied
by an important change in the characteristic frequencies of churn flow.

To assess the impact of cap bubble, slug, and churn frequencies on
the total pressure drop gradient, Fig. 16 presents the pressure gradient
calculated from the second and third pressure transducers, plotted as a
function of the estimated characteristic frequencies for each flow
regime. For cap bubble flow, the data reveal a weak correlation between
frequency and pressure drop, indicating that cap bubble frequency has
limited influence on the total pressure gradient under the conditions
investigated. In the case of slug flow, the results show a more scattered
distribution, which complicates drawing a definitive conclusion.

14

Nevertheless, a general decreasing trend of pressure drop gradient with
increasing slug frequency can be observed, suggesting a potential in-
verse relationship. Depending on whether gravitational or frictional
pressure drop dominates, the churn flow data segregate into two distinct
clusters. In both cases, a linear decrease in total pressure drop is
observed with increasing churn frequency.

Traditionally, slug frequency is expressed in dimensionless form
using the gas-based Strouhal number (Stg) defined in Eq. (7). This
number was proposed by Fossa et al. (2003) and subsequently adopted
by several researchers (Kaji et al., 2009; Arabi et al., 2020). Following
the methodology of Arabi et al. (2020) concerning sub-regimes of hor-
izontal intermittent flow, we present in Fig. 17 the variation of St; as a
function of the mixture Froude number. The results reveal that the
experimental data corresponding to cap bubble, slug, and churn flows
occupy distinct zones. The boundaries separating the flow regimes are
clearly identifiable, with transitions between cap bubble and slug flow,
and between slug and churn flow, corresponding to Stg values of
approximately 0.190 and 0.055, respectively. The resulting data clusters
define a type of flow map known as a "space feature" (Arabi et al., 2024;
Bouderbal et al., 2024). These space features serve as a valuable tool for
identifying flow regimes based on output parameters, in this case, the
characteristic frequency. Additional experimental data involving
broader ranges of superficial velocities, pipe diameters, and working
fluids would help validate and generalize these findings for wider
operational conditions.
f.D

StG = (7)

VSG

Numerous studies in the open literature have demonstrated that the
dimensionless slug frequency, expressed via the gas-based Strouhal
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Fig. 16. Influence of characteristic frequencies on the total pressure
drop gradient.

number, can be effectively correlated with the Lockhart-Martinelli
parameter (X) given in Eq. (8). This relationship has been observed for
different flow orientations, including horizontal flow (Azzi et al., 2010;
Kong and Kim, 2021), vertical upward flow (Kaji et al., 2009; Waltrich
et al., 2013), and vertical downward flow (Bouyahiaoui et al., 2018).

2
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Fig. 17. Plot of the experimental characteristic frequencies using Stg vs Fry.

where (‘%’) s (%) , fi, fe, pL and pg refer to the liquid frictional pres-
L G

sure drop, gas frictional pressure drop, liquid friction factor, gas friction
factor, liquid and gas densities, respectively. The friction factors for the
liquid and gas phases are calculated using Eq. (9). The correlation pro-
posed by Fang et al. (2011) is adopted for turbulent flow conditions.
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The experimental data plotted in Fig. 18, along with those reported
by Bouyahiaoui et al. (2018), reveal a clear linear alignment across the
three observed flow regimes. It is noteworthy that the slug frequencies
measured in the present study are higher than those obtained by
Bouyahiaoui et al. (2018) for values of the Lockhart-Martinelli param-
eter X < 50. However, for higher X values, both datasets converge and
exhibit similar trends.

3.5. Development of an intermittent characteristic frequency correlation

This section is dedicated to propose a new correlation for predicting
the characteristic frequencies. The results presented in Figs. 17 and 18
clearly demonstrate that the gas-based Strouhal number is an effective
non-dimensional parameter for representing cap bubble, slug, and churn
frequencies in vertical downward flow. Building upon this observation,
we adopted the St; vs Ay approach, previously applied with success in
horizontal, and vertical upward orientations (Fossa et al., 2003; Arabi
et al., 2020, 2022; Sassi et al., 2022; Cao et al., 2023, 2024; Rodrigues
et al., 2025), to correlate the experimental results obtained in the pre-
sent study.

In Fig. 19, the measured characteristic frequencies are plotted using
the St; vs Ap representation. It can be observed that the data corre-
sponding to cap bubble, slug, and churn flows in vertical downward
orientation also align consistently, following a clear trend. In line with
the approach proposed by Fossa et al. (2003), the following equation
was adopted to correlate the experimental results:

aly

_ 10
1+ bi +ci? a0

StG

The coefficients a, b, and ¢ were determined through nonlinear
regression and found to be 0.1110, 2.3090, and —3.4015, respectively.
The coefficient of determination (RZ) is equal to 96.28 %.

3.6. Assessment of predictive frequency models

The characteristic frequencies obtained from experiments were
compared with both the newly proposed correlation and the model
proposed by Bouyahiaoui et al. (2018). The performance of each cor-
relation was assessed using notably two statistical performance in-
dicators: the Average Absolute Relative Error (AARE) and the Average
Relative Error (ARE). These metrics were calculated based on the
Relative Error (RE) between the measured (f; meq) and calculated (f; ca)
characteristic frequency values. The expressions for RE, ARE, and AARE
are provided in Egs. (12)-(14), respectively. In addition, the percentages
of points predicted within +£10 %, +20 %, +25 %, and +30 % error
ranges were calculated. A summary of the performance indicators
calculated for both models is presented in Table 4.
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Fig. 18. Plot of the characteristic frequencies using St vs X.
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Table 4
Prediction performance analysis of the evaluated correlation for predicting
characteristic frequencies.

Performance indicators (%) Bouyahiaoui et al. Proposed
(2018) correlation

ARE -12.75 -9.75

AARE 36.46 24.49

Percentage of points predicted within 32.00 40.00
+10 % range

Percentage of points predicted within 42.00 70.00
+20 % range

Percentage of points predicted within 50.00 70.00
+25 % range

Percentage of points predicted within 58.00 78.00

+30 % range

RE:fc.mea _fc,cal % 100

12
fc.mea ( )
N
ARE= ) RE 13
i=1
N
AARE= ) |RE]| a4

i=1

From Tables 4, it is evident that the proposed correlation provides
the most accurate predictions, yielding the lowest values of both ARE
and AARE (—9.75 % and 24.49 %, respectively). In addition, it predicts a
higher number of data points within the +10 %, +20 %, +25 %, and
+30 % error ranges.

To further evaluate the performance of the two correlations,
comparative plots of predicted versus measured frequencies are pro-
vided in Fig. 20.a, respectively. As shown in Fig. 20.a, Bouyahiaoui
et al.’s model provides reasonable predictions for slug flow, but under-
performs for the Prg sub-regime. This observation can be attributed to
the fact that the study by Bouyahiaoui et al. (2018) focused exclusively
on slug flow. Given the range of liquid superficial velocities investigated
in their work (see Fig. 6, for instance), it is likely that the Py g sub-regime
was not encountered or reported. In contrast, Fig. 20.b clearly demon-
strates that the proposed correlation performs well across all three flow
regimes, cap bubble, slug, and churn. Therefore, the proposed model not
only improves upon existing approaches but also offers broader appli-
cability across intermittent flow regimes in vertical downward flow.

4. Conclusions

This study addresses the lack of experimental data and predictive
models for the characteristic frequency of intermittent gas-liquid flows
in vertical downward configurations. A total of 50 test conditions were
explored using a 30 mm ID acrylic pipe and air-water mixture, with
liquid superficial velocities ranging from 1.45 to 2.63 m/s. Character-
istic frequencies were extracted from absolute pressure time series using
the Welch method. The key findings can be summarized as follows:

1. High-speed imaging enabled detailed visualization of the flow
structures, revealing three distinct flow regimes: cap bubble, slug,
and churn flows. The analysis highlighted the presence of multi-scale
structures and complex motion patterns within each regime. Based
on these observations and analysis of forces acting on vertical
downward flow, a new flow regime map was proposed using the
modified Lockhart-Martinelli parameter and the mixture Froude
number as coordinates.

2. Frequency measurements at three axial locations showed that char-
acteristic frequencies increase along the flow development. In the
present setup, the characteristic frequency stabilized at approxi-
mately 56.33D from the 90° bend.
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3. The influence of superficial gas velocity on the characteristic fre-
quency varied by flow regime. Cap bubble and slug frequencies
generally increased with Vgg, whereas churn flow exhibited a non-
monotonic trend, rising, then falling, and rising again, reflecting
the complexity and multiple frequency components inherent in
churn flow. Interestingly, the maximum churn frequency coincided
with the transition from gravitational-dominated to frictional-
dominated pressure drop.

4. The gas-based Strouhal number was successfully used to analyze and
differentiate the flow regimes. A flow map based on Stg vs. Fry
demonstrated distinct clustering of cap bubble, slug, and churn re-
gimes, offering a practical space-feature tool for flow identification.
Additionally, plotting St; vs. X revealed a linear correlation across
the three flow regimes investigated.

5. A new empirical correlation based on the St; vs. 4, approach was
proposed. This correlation demonstrated superior accuracy
compared to the existing model, particularly in capturing charac-
teristic frequencies across all three flow regimes for the studied
vertical downward configuration. Considering the fact that the pro-
posed correlation was not validated with independent datasets, the
generation of additional databases is strongly recommended.
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