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Abstract. In the petroleum industry, the production and transportation of oil and gas is a classic example of a multiphase
flows’ occurrence. In turn, the gas-liquid flows do generally classified into three primary patterns: dispersed, separated,
and intermittent. The latter consists of a unit cell which does divide into two regions that alternate along the pipe: an
aerated liquid piston (slug region) and an elongated gas bubble in parallel with a thin liquid film (bubble region). The
slug region aeration process is quite complex, difficulting its modeling. However, it is possible to estimate the slug liquid
holdup from several correlations available in the literature. Thus, this study aims to present a comparative analysis of
some of these correlations used to predict the slug liquid holdup. The correlations analyzed are calculated and compared
against experimental data also available in the literature to check their limitations and accuracy. The results obtained
in this study should demonstrate which correlations present more satisfactory results, although they are limited to the
experimental data used for the realized comparison.
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1. INTRODUCTION

The multiphase flows occurrence is observed in many industrial applications, e.g., in the petroleum industry, where
oil and gas are produced from wellbores and transported through pipelines to the processing facilities (Shoham, 2006).
The phases’ spatial distribution defines a general classification of the gas-liquid flow in three primary patterns: dispersed,
separated, and intermittent. The intermittent flow does form by the alternation of a slug or dispersed flow region (aerated
liquid piston) followed by a bubble or separated flow region (elongated gas bubble in parallel with a thin liquid film),
according to the unit cell concept proposed by Wallis (1969).

Several models are used to predict the film thickness in the bubble region as well as the phases’ fractions and the
pressure gradient of the unit cell. These models are dependent on parameters related to the nature of this flow pattern, e.g.,
the bubble nose velocity, the slug frequency, and the slug liquid holdup (i.e., the liquid fraction within the aerated piston)
(Dukler and Fabre, 1994). The piston aeration process in the slug region is quite complicated and, consequently, makes
modeling difficult. However, it is possible to estimate the slug liquid holdup from several correlations from the literature
(Taitel and Barnea, 1990).

On the other hand, the slug liquid holdup in the intermittent flow can be measured experimentally, provided that
appropriate instrumentation does use. However, for flows prediction achievement using simulators based on mechanistic
models, e.g., the unit cell model by Taitel and Barnea (1990), it is frequently necessary to apply correlations that provide
a reasonable estimate of the slug liquid holdup, among others parameters (Dukler and Fabre, 1994).

The limitations imposed by the operational conditions used to the development of the correlations constitute a barrier
to allow the application of these correlations in a generalized way. Thus, correlation analysis is an alternative that can be
used to assist in choosing one for a given application (Lima and Rosa, 2014).

According to Mishima and Ishii (1984), as well as Brauner and Barnea (1986), the piston collapse is attributed to
excessive aeration, which may result in the short pistons formation. A mighty wake effect, created by the proximity of
adjacent elongated bubbles, destabilizes the piston and destroys it when the gas fraction increases to a limiting value. This
mechanism is one of responsible for the pattern transitions: slug to churn (Jayanti and Brauner, 1994) or slug to annular
(Jamari et al., 2008). Thus, there must be an applicability range for the slug liquid holdup correlations where no pattern
transitions occur.

Dukler and Fabre (1994) discussed the requirement of an independent method to predict the slug liquid holdup to the
solution of the averaged mass and momentum equations. They presented some data published and models proposed for
radial and axial distributions of the slug liquid holdup, both vertical and horizontal tubes. It was observed quite large
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gradients in the local slug liquid holdup in the axial direction within the aerated piston. Besides, the models analyzed
showed a dependence on superficial velocity and density of the gas, as well as the turbulence level and viscosity of the
liquid, but the interfacial tension has a small effect.

Hale et al. (2005) verified the homogeneous assumption in the slug liquid holdup prediction for horizontal and al-
most horizontal flow cases of slug flow using an experimental circuit. The slug liquid holdup was determined using
~v-tomography measurements. The results comparisons showed satisfactory agreement between the homogeneous unit
cell model and experimental data for mixture superficial velocities above 6 m/s. At lower mixture superficial velocities,
the model results under-predicts the experimental data for slug liquid holdup.

Lima and Rosa (2014) performed a comparative analysis of the wall shear models to the correlations for effective
viscosity, slug frequency, and slug liquid holdup, by comparing the predicted pressure gradients as a function of the
correlations’ combination against two sets (vertical and horizontal) with 25 pairs experimental data for slug flows obtained
by Lima (2011). Their results demonstrated a significant dependence on the correlations combination of the slug frequency
and slug liquid holdup for closure in the phenomenological model.

To minimize the necessity of empirical correlations typically required to model the slug dynamics, Issa and Gal-
leni (2015) presented an extension of the “slug capturing” technique to vertical slug flow. This approach uses the one-
dimensional two-fluid model to predict slug flow behavior and has the advantage of being nearly entirely mechanistic.
The results obtained by the model were compared with experimental data and showed satisfactory agreement.

Thus, the study aims to realize a comparison analysis of some correlations available in the literature to estimate the
slug liquid holdup. The correlations results are compared against experimental data also available in the literature to check
their limitations and accuracy to predict slug liquid holdup. The correlations accuracy should be presented in terms of the
relative deviation modulus, RMS, etc., resulting from a computational code written in MATLAB® language.

2. LITERATURE REVIEW

This section presents details about the intermittent flow description and the slug liquid holdup correlations analyzed
in this study.

2.1 Intermittent flow description

First, a brief description of the intermittent flow is given, which is represented schematically by Fig. 1, considering a
mixture of gas (&) and liquid (L) flowing in a pipe of length L, diameter D, and inclination #. The aerated piston exhibits
velocity J and length Lg, exerting a wall shear stress 7y, and its dispersed gas bubbles present velocity Ug. The liquid
fraction within the aerated piston, or slug liquid holdup, is represented by ¢g, and the liquid’s velocity is Ug. The gas
contained in the elongated bubble, with velocity Ur, displays velocity U, exerting a wall shear stress 7y¢. Also, in the
elongated bubble region, the thin film with a fraction ¢ has a length L, thickness Hr, and velocity Ur, exerting a wall
shear stress Ty . The interfacial shear stress is 7;. The wetted perimeters by the gas S and liquid Sy, as well as the
interfacial perimeter Sy, are shown at the pipe cross-section detail. Ac and Ap represent the areas occupied by gas and
liquid, respectively (Carvalho and Lima, 2018).

The piston aeration process is a very complex phenomenon, so understanding and modeling are still in development.
For a better representation of related phenoms, modeling proposals often assume the aerated piston divided into two
regions: the elongated bubble’s wake and the piston body. Guet et al. (2006) present an original modeling proposal for
these phenomena. However, it becomes necessary for the solution of an eleven equations system. By definition, the
slug liquid holdup ¢g corresponds to the ratio between the volume occupied by the liquid and the total piston volume as
expressed by Eq. (1):

o5 — L [T As g ()

Where Ag is the cross-section area occupied by the liquid in the piston region, A is the pipe cross-section area, and zg is
the axial coordinate along with the piston length.

Despite disregard the radial and axial distributions of liquid in the piston, several empirical correlations are often used
to estimate the slug liquid holdup. These correlations usually express ¢g as a function of the mixture superficial velocity
J, as a mean value for the entire piston.

2.2 Slug liquid holdup correlations

For the refined oil flow, Gregory et al. (1978) obtained data from 167 experimental tests that were acquired using
capacitance sensors. Therefore, from a curve adjustment of the slug liquid holdup as a function of the mixture superficial
velocity, they have developed an empirical correlation that can be rewritten to include the pipe diameter effects. However,
a dimensional inconsistency is present in their definition.
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Figure 1. Schematic representation of the intermittent flow and its variables

From Gregory et al. (1978) experimental data, Malnes (1982) has proposed a modification in the original correlation
of the Gregory et al. (1978) that includes additional parameters as surface tension and other fluids’ properties, expressed
by dimensionless numbers.

Based on a flow of natural gas and its condensate, Ferschneider (1983) developed a slug gas fraction (or slug liquid
holdup) correlation that considers the fluids’ properties in a 146 mm internal diameter pipe with an inclination varying
from 0° to 4° with the horizontal.

For the development of a correlational model, Barnea and Brauner (1985) assumed a fully developed horizontal flow,
with the gas in the piston behaving like dispersed bubbles, and using a balance between the breaking and coalescing forces
of bubbles, calculated the gas fraction at the transition between the intermittent and dispersed flows, using the Taitel and
Dukler (1976) model for the transition condition. Their correlation is a function of the mixture’s superficial velocity.
Showed satisfactory results when compared against data from Gregory et al. (1978).

In the development of a slug liquid holdup model for horizontal flows, Marcano et al. (1998) utilized a second-degree
polynomial. The obtained correlation is a function of the mixture’s superficial velocity.

Later, Gomez et al. (2000) used 283 experimental data from six different sources for the development of a slug
liquid holdup correlation. The data utilized include several fluids and varying diameters and inclinations of the pipe.
According to Su and Metcalfe (1997), the action of surface tension on the variation of slug liquid holdup is insignificant
compared to the viscosity’s effects. Therefore, the proposed correlation incorporates the mixture superficial velocity, the
fluids’ viscosities, and the diameter and inclination of the pipe. The Nuland (1999) data did not use on their correlation
development. These data were used to compare their correlation’s results, which showed the mean value of the relative
deviation modulus of 14.2%.

Utilizing the same principle of Barnea and Brauner (1985), where the gas in the piston behaves like dispersed bubbles,
Zhang et al. (2003) proposed a correlation model for the slug liquid holdup, through a balance between the turbulent
kinetic energy of the liquid phase and the energy of the dispersed bubbles free surface. Their model considers the dispersed
bubbles as spherical, further the shear stress influence on the pipe wall, and the momentum transfer between piston
and film, which varies with the inclination, so the inclusion of this parameter increases their correlation’s accuracy for
inclination differents. Film velocity and fractions are parameters required for model closure.

The results collected for Zhang et al. (2003) correlation were compared with experimental data obtained by capacitance
sensors, considering different inclinations and diameters, and presenting a satisfactory agreement with the experimental
data for mixture superficial velocities larger than 0.1 m/s.

From 410 experimental data of horizontal flow, Al-Safran (2009) proposed a correlational model for slug liquid holdup.
His correlation is dependent on a dimensionless parameter named momentum transfer rate between piston and film and
depends on velocities of mixture, liquid, and gas, further the film fraction. His correlation was obtained using non-linear
regression. For validation, data from Kokal (1987) was utilized.
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Based on high viscosity fluids flow in a 50.8 mm internal diameter pipe, Kora ez al. (2011) have developed a correlation
for slug liquid holdup that employs forces of inertia, gravity, and viscous by using the viscosity and Froude numbers.

A slug liquid holdup correlation was established by Xu (2013) using 271 experimental data sets, where 228 data sets
are for Newtonian fluids and the remainder for non-Newtonian fluids. His correlation is a function of the Reynolds number
of the liquid phase and the pipe inclination.

Motivated by the small number of studies showing the viscosity effects on the liquid fraction in the piston, Al-Safran
et al. (2015) proposed a correlational model for the slug liquid holdup for high viscosity fluids in horizontal flows. For
this study, the liquid fraction data in the piston were acquired using capacitance sensors. From the dimensionless numbers
found by Wallis (1969), using Buckingham’s Pi theorem, to calculate the inertial and viscous forces in their model, the
results obtained were compared with experimental high viscosity data acquired by Nuland (1999) and presenting a mean
value of the relative deviation modulus of 11.35%.

From 68 experimental tests, Al-Ruhaimani et al. (2018) developed a correlation for slug liquid holdup, utilizing the
inverse viscosity number to account for the fluid properties. Data were acquired based on vertical flows for pipe with
an internal diameter of 50.8 mm. Following the Al-Ruhaimani ez al. (2018) study, Abdul-Majeed and Al-Mashat (2019)
proposed a model for slug liquid holdup applied to viscous fluids, but including horizontal, inclined, and vertical flow.
From a quick closing valve system and capacitance sensors, the experimental data did obtain. Four correlations were
developed, ranging from 0° to 90°, which in turn were used to produce a unified model that includes all inclinations.
The model is a function of the Froude and viscosity numbers, i.e., as a function of fluids’ properties, pipe diameter and
inclination, and mixture superficial velocity. The model results were validated against data from Nuland (1999), with 89
data sets, Kora et al. (2011), with 144 data sets, both for horizontal, and Al-Ruhaimani et al. (2018), with 68 data sets,
for vertical. Thus, they noted that the proposed model presents better results compared to the correlations used in its
development.

From a dimensional analysis using Buckingham’s Pi theorem, Archibong-Eso et al. (2019) defined the slug liquid
holdup as a function of the viscosity, Froude, and Reynolds numbers, and the fluids’ properties. Then, utilizing data from
an electrical capacitance tomography, developed an empirical correlation applicable to viscous fluids. Their model covers
a viscosity range of 0.189 Pa.s to 8.0 Pa.s and has a mean value of the relative deviation modulus of 0.07% compared to
correlations proposed by Gregory et al. (1978), Malnes (1982), Kora et al. (2011), and Al-Safran et al. (2013).

The correlations of Zhang et al. (2003) and Al-Safran (2009) require a numerical solution to a film model. These
models did not select for the present analysis due to the difficulty and the computational cost of obtaining this kind of
solution. Thus, in this study were employed only linear algebraic correlations.

2.2.1 Correlations’ summary

Table 1 summarizes the main characteristics of the models analyzed in this study: diameter, inclination, mixture
superficial velocity, and fluids. This characteristics include pipe diameter and inclination, mixture superficial velocity,
and fluids employed. The correlations are identified as C1 (Gregory et al., 1978), C2 (Malnes, 1982), C3 (Ferschneider,
1983), C4 (Barnea and Brauner, 1985), C5 (Marcano et al., 1998), C6 (Gomez et al., 2000), C7 (Kora et al., 2011),
C8 (Xu, 2013), C9 (Al-Safran et al., 2015), C10 (Al-Ruhaimani et al., 2018), C11 (Abdul-Majeed and Al-Mashat, 2019),
and C12 (Archibong-Eso et al., 2019).

Table 1. Characteristics of the correlations analyzed in this study

Correlation D /[mml] 0/1°] J [ [m/s] Fluids

Cl 25.8and 512 O 0.118 to 17.692  Air and refined oil

C2 25.8and 51.3 0 0.118 to 17.693  Air and refined oil

C3 146 Otod4 - Natural gas and condensate
C4 - 0to90 - -

C5 - 0 - -

Co6 51 and 203 0to90 - Various fluids

C7 50.8 0 0.21 t0 4.32 Air and viscous oil

C8 25.8 and 60 0to75 0.1t020 Various fluids

C9 50.8 0 0.2t04.3 Air and mineral viscous oil
C10 50.8 90 0.52t0 1.76 -

Cl1 80 and 100 0to90 0.2to4.14 Air and lubricant oil

C12 254and 762 0 0.13to 7.21 Air and viscous oil

Additionally, Tab. 2 presents the mathematical expressions that represent each of the correlations described in Tab. 1
to help understand the models’ functional dependence.
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Table 2. Definition of the correlations analyzed in this study

Correlation

¢s

Cl

C2

C3
Co6

C7

C8
c9
C10

Cl1
C12

-1
{1 + (J/8.66)1'39]
83\/A -
- (145
[1+ Eo**Fr?/50]
exp [— (2.48 x 107%Re + 0.456)
1 if FrN)2 < 0.15
1.012exp (—0.085FrNJ2)  if 0.15 < FrN22 < 1.5
0.9473 exp (—0.041FrN-2) if FrNJ2 > 1.5

[1 + (J/9,514)1.274} -1

0.85 — 0.075¢ + 0.057/92 + 2.27 @

0.266

1.016 — 0.0006116 + (0.0001246 — 0.0195) FrN
1 —0.0336FrNy- !

* Where: 1) = FrNJ — 0.89.

As shown in Tab. 2, the Eotvos number, Eo, the mixture Froude number, Fr, the mixture Reynolds number, Re, the
viscosity number, N,,, among others parameters, are used to expressed the correlations, and its definitions are given by

Egs. (2), (3), (4), and (5).
Eo = gD*Ap/o

Fr = J/\/gDAp/pr

Re = JD/VL

Ny = uz[gip/ (p10°)]

2

3)

“4)

&)

Where g is the gravitational acceleration, p is the density, p is the dynamic viscosity, v is the kinematic viscosity, o is the
surface tension, and the densities difference is Ap = pr — pg.

3. METHODOLOGY

This section presents some details about the correlations’ analysis procedure and a brief description of the experimental

data used in this comparison study.

3.1 Analysis procedure

The correlations accuracy is based on the determination of the mean value of the relative deviation modulus, €g,
between the calculated (calc.) and measured (meas.) values to slug liquid holdup, ¢gs. Also, the Root Mean Square
(RMS) of the relative deviations is given, referring to the set of /V experimental tests. Equations (6) and (7) express the

er and RMS definitions, respectively:

i ‘ d)%glc. _ ¢1§eas.
¢1§1eas.

ER*N

1 ¢calc. 7¢meas. 2
RMS:VNZP =)

To calculate the results of each correlation and its auxiliary variables, as well as of the mean value of the relative
deviation modulus and RMS, was using a computer code developed in MATLAB® language.

(6)

(7
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3.2 Experimental data

In this comparative analysis, the experimental data obtained by Souza (2013) was used. Their experiments were
performed using an air-water mixture in a vertical test section of 306 diameters long and 26 mm internal diameter. Two
separate circuits of air and water were carried to a mixer to form the two-phase flow. In the sequence, the air-water
mixture passed through an acrylic test section, where the measurements were carried out at 77D and 257D downstream
of the mixer. In these measuring stations, the intermittent flow was monitored through impedance sensors connected to
a data acquisition system, used to obtain and process the data. After leaving the test section, the mixture is discharged
into a vertical tube 75 mm internal diameter, which acts as an air-water separator. Table 3 shows the phases’ superficial
velocities and slug liquid holdup for each experimental test acquired by Souza (2013) experiments.

Table 3. Experimental tests realized by Souza (2013)

Test/[#] Jr/[m/s] Jg/[m/s] ¢g

1 0.30 0.28 0.88
2 0.31 0.57 0.84
3 0.30 0.83 0.75
4 0.60 0.27 0.91
5 0.61 0.55 0.86
6 0.61 0.80 0.79
7 0.61 1.09 0.76
8 0.92 0.53 0.86
9 0.90 0.82 0.81
10 0.91 1.10 0.77
11 1.20 0.82 0.81
12 1.21 1.07 0.79
13 1.20 1.25 0.76

For the calculations performed with the correlations analyzed, the pressure of 945 mbar and the temperature of 25 °C
were used to obtain the fluid’s properties. The air density was taken considering it as an ideal gas.

4. RESULTS AND DISCUSSIONS

This section presents the results obtained from the analysis performed for the calculated values of each correlation of
slug liquid holdup in comparison to the experimental data collected by Souza (2013). Table 4 shows the mean value of
the relative deviation modulus and RMS for each correlation analyzed.

Table 4. Mean value of the relative deviation modulus and its RMS for the correlations analyzed in this study

Correlation e /[%] RMS/[%]

C1 12.78 13.83
C2 10.76 11.89
C3 13.73 14.91
C4 19.35 20.35
Cs 19.44 20.43
C6 45.57 45.64
C7 18.80 19.68
C8 12.10 13.18
9 18.62 19.49
C10 12.46 14.11
Cl1 16.45 17.35
Ci12 18.17 19.12

The results obtained are also presented graphically in Fig. 2. In all graphs, the abscissa and ordinate axes represent
the slug liquid holdup measured and calculated, respectively. The diagonal dashed line represents the occurrence of
none relative deviation, 0%, and the other near dashed lines represent the relative deviation limits of £20%. Each graph
contains sets of three correlations grouped according to the mean value of the relative deviation modulus to make easy the
comparison.
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Figure 2. Numerical-experimental comparison of the slug liquid holdup correlations: (a) C2, C10 and C8; (b) C3, C11
and Cl1; (¢) C7, C9 and C12; (d) C4, C5 and C6

The correlations that presented the lowest mean values of the relative deviation modulus are C2, C8, and C10, being
represented graphically in Fig. 2a. Although developed for horizontal flow, the C2 correlation showed a satisfactory
agreement with the experimental vertical flow data, with the lowest mean value of the relative deviation modulus.

Correlations C1, C3, and C11 performed satisfactorily, keeping the mean values of the relative deviation modulus
below 17%, as shown in Fig. 2b. Correlation C1 covers horizontal flows, whereas correlation C3 was developed covering
horizontal and slightly inclined flows. Therefore, the mean values of the relative deviation modulus and its RMS obtained
for these correlations are justified. For the correlation C11, there is a difference between the diameter used in the model
proposed and the experimental data of Souza (2013) used in this analysis.

Figure 2c shows the correlations C7, C9, and C12, which present the mean values of the relative deviation modulus
below 20%. These correlations are applicable for horizontal flows, so this is the expected behavior.

The correlations C4, C5, and C6 shown in Fig. 2d presented the highest mean values of the relative deviation modulus.
The correlation C6 demonstrated the worst agreement with experimental data, with 45% of the relative deviation modulus
value. The divergence presented is still discrepant and the model showed ineffective for the experimental data used in the
comparison. The correlation C6 was developed utilizing data that covers vertical flow,however, there were no comparisons
with other data sets that included flow at 90°. Therefore, the need for a more extensive data set for correlation development
is one of the justifications for the result obtained.
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5. CONCLUSIONS

In the present study, were analyzed some correlations for the slug liquid holdup. The experimental data of the slug
liquid holdup acquired by Souza (2013) for vertical flow were used to the analysis. Thus, it was possible to verify the
accuracy of each correlation analyzed against reference data, evaluating the models’ behavior when applied under different
conditions from those adopted in its development. The correlations C2 (Malnes, 1982) and C8 (Xu, 2013), even being
developed for flow conditions different from the experimental data, presented the best performances.

The most significant relative deviation values result from the fact that several conditions were applied to obtain the
experimental data sets for the development of each correlation. From the analysis performed, it was possible to verify
which models maintained a satisfactory performance when comparing with data of different nature, keeping the mean
values of the relative deviation modulus less than 20%. The correlation C6 (Gomez et al., 2000) is an exception, which
presented a considerable disagreement with the experimental data used as a reference.

Similar analyses can be performed to include more correlations from literature as well as to use a more comprehensive
set of experimental data under various conditions (diameters, inclinations, fluids, velocities, etc.).
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