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Abstract
In gas-liquid flows, droplets that detach from the liquid film lining the internal walls of a pipe
and merge with the gas flowing through the pipe follow an annular flow pattern. This work
analyzes correlations for estimating the entrainment fraction of such droplets contained in
the literature by comparing their predictions with experimental data also from the literature.
The results of this comparative study demonstrate that the analyzed correlations do not
accurately reproduce experimental conditions. This is due to the complexity of this flow
phenomenon and its arduous mathematical modeling. The methods used in the
development of each correlation also impose operational limitations, and this parameter is
difficult to measure satisfactorily on either a laboratory or industrial scale.
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1. Introduction
Multiphase flow occurs when two or more phases or chemical substances flow simultaneously.
Such flow is found in several industrial systems, such as boiler pipes, evaporators, distillation
towers, turbines, and chemical reactors [1]. Despite its complexity, this flow type can often be
considered to be simply two-phase or two-component flow [2]. Two-phase flow, such as gas-liquid,
can follow various flow patterns that are usually divided into three main groups: dispersed,
intermittent, and separated. Annular flow, the object of study in this work, and stratified flow,
both belong to the latter group.
In annular flow, there is a gaseous core, with or without the presence of liquid droplets, a liquid
film, which lines the internal walls of a pipe, and a well-defined interface that separates these two
phases or regions [3]. In vertical flows, the liquid film is considered to have a homogeneous
thickness. However, in inclined or horizontal flows, the thickness of the lower part of the film is
higher due to the gravitational force [1].
Understanding the characteristics of any droplets present in the gaseous core due to annular
flow is essential in several situations to determine the characteristics of the pipe installations and
the nature of the mass and heat transfer between gas and liquid phases. For example, the
efficiency of nuclear reactor emergency cooling systems depends on the fraction of droplets
present in the core, as does the feasibility and production efficiency in the chemical and
petroleum industries [3-5]. The formation of droplets is related to the existence of waves
generated in the film. For example, film turbulence and the changes in the gas flow velocity create
waves. These waves break up, forming droplets when growing toward the gas flow due to the
effects of interfacial shear stress between the gas and the liquid film [6].
In recent years there have been several research studies on the entrainment of droplets.
Through experiment, Paleev and Filippovich [7] observed the relationship between different
characteristics of fluids (density, dynamic viscosity, and surface tension) and flow parameters such
as flow rate, to obtain a correlation for the entrainment of droplets. They did not observe any
relationship between entrainment and pipe diameter. However, their correlation is not valid for
small values of the ratio between the film and liquid (total) flow rates. Ishii and Mishima [4]
developed a correlation using the Reynolds and Weber numbers, with variations for the inlet
region and the quasi-equilibrium region, depending on the pipe diameter and the gas flow rate.
Azzopardi and Zaidi [8] developed a new technique for measuring drop concentration in annular
gas-liquid flow based on the scattering of light by the drops and used this to determine the
entrainment fraction. Sawant et al. [9] developed a correlation that used the Reynolds and Weber
numbers at the yield point of the film. However, Sawant et al. [10] later improved this correlation,
incorporating the modified Weber numbers of the gas and the liquid viscosity. Al-Sarkhi and Sarica
[11] proposed a correlation for the entrainment fraction applicable to low and high pressures data
based on the Weber number of the superficial gas velocity that contained only two constants.
Dasgupta et al. [12] presented a new method for predicting the entrainment fraction at the onset
of annular flow based on the accuracy of the criterion for the transition to annular flow and a
simplified triangular relationship. Bhagwat and Ghajar [13] introduced a correction factor that
improves the accuracy of the Cioncolini and Thome [14] correlation by taking into account the
effect of pipe orientation on the liquid entrainment fraction at high system pressures. Lee et al.
[15] proposed new correlations to predict the entrainment fraction in horizontal pipes at low flow
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rates of liquid based on the Pan and Hanratty [16] correlation, replacing the maximum
entrainment model in their original equation with one taken from the literature. New correlations
appear regularly, but, to date, there has not been an in-depth analysis.
Industrial-scale gas-liquid annular flows do not match those of experiments performed in the
laboratory due to operational conditions, pipe dimensions pressure, and several other factors.
Thus, it is difficult to find a sufficiently reliable and embracing correlation to estimate the
entrainment fraction of droplets present in gas-liquid annular flows [1]. This work aims to perform
a comparative analysis between many of the correlations available in the literature to estimate
the entrainment fraction of the droplets for gas-liquid flows in the annular flow pattern and
experimental data also available in the literature.
2. Materials and Methods
In this section, we describe the gas-liquid flow model for annular flow and the phenomenon,
correlations, and experimental data for entrainment of droplets, as well as the method of analysis
of the correlations.
2.1 Flow Model
The modeling of gas-liquid annular flow for a vertical or inclined pipe makes several
assumptions [3]: one-dimensional (1D), uniformly distributed, and ascending flow; no change of
phase of the components; acceleration is ignored in the conservation of momentum calculation;
the densities, dynamics viscosities, and surface tension are constant for the liquid and gas phases;
the mass flow rates (or superficial velocities) of the gas and liquid have known values, and the
droplets have the same velocity as the gas in the core. Figure 1 shows a representation of gasliquid annular flow.

Figure 1 Diagram of gas-liquid annular flow.
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The conservation of momentum for the core can be expressed as Equation (1):
−

d𝑝
𝜏I 𝑃I
= 𝜌C 𝑔 sin 𝜃 +
d𝑧
𝐴G

(1)

The conservation of momentum for the whole system can be expressed as Equation (2):
−

d𝑝
𝐴G
𝐴L
𝜏W 𝑃W
= ( 𝜌C + 𝜌L ) 𝑔 sin 𝜃 +
d𝑧
𝐴
𝐴
𝐴

(2)

Combining Equations (1) and (2) results in Equation (3), which can be used to determine the
film thickness:
𝜏W 𝑃W 𝜏I 𝑃I 𝐴L
−
+ (𝜌L − 𝜌C )𝑔 sin 𝜃 = 0
𝐴
𝐴G
𝐴

(3)

where 𝑝 is the pressure, 𝑧 is the axial coordinate, 𝜌 is the density, 𝑔 is the gravitational
acceleration, 𝜃 is the pipe inclination, 𝜏 is the shear stress, 𝑃 is the perimeter, and 𝐴 is the crosssectional area. The G, L, C, F, D, I, and W subscripts are gas, liquid, core, film, droplets, interface,
and pipe wall identifiers, respectively.
The wall shear stress (𝜏W ) is defined as Equation (4):
1
𝜏W = 𝑓𝜌L 𝑈L2
2

(4)

where 𝑈L (≡ 𝐽L /𝛼L ) is the actual velocity of the liquid, with the liquid superficial velocity being 𝐽L
and the liquid fraction (hold-up) being 𝛼L ; these definitions are analogous to those of a gas [17].
For the calculation of the turbulent Fanning friction factor (𝑓), the Haaland equation [18] can
be used (Equation (5)):
1.11

𝜀 ⁄𝐷
𝑓 = −3.6 log [(
)
3.7

+

6.9
]
Re

(5)

where 𝜀 and 𝐷 are the absolute roughness and diameter of the pipe, respectively, and the
Reynolds number is expressed by Re = 𝐽𝐷𝜌/𝜇, with 𝜇 being the dynamic viscosity.
Interfacial shear stress (𝜏I ) occurs due to differences in the properties and velocities of the core
and the film. It can be written as Equation (6) [5, 19]:
1
𝜏I = 𝑓I 𝜌C (𝑈G − 𝑈L )2
2

(6)

Several correlations available in the literature, such as that of Pedras [5], calculate the
interfacial friction factor (𝑓I ) as according to Equation (7):
𝑓I = 7.8 × 10−3 + 52 (

𝜌G
⁄
) (1 − √𝛼G )Re𝐽2G,𝐽5
𝜌L

(7)
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where 𝛼G is the gas fraction (Equation (8)), and Re𝐽G,𝐽 is a gas Reynolds number calculated from
the average drift velocity of the gas (𝐽G,𝐽 ) (Equation (9)):
𝛼G
𝐽G
= 1.255 × 10−3 Re0.56
| |
L
1 − 𝛼G
𝐽L

(8)

1
− 1) 𝐽L
1.255 × 10−3 Re0.56
L

(9)

𝐽G,𝐽 = (

The core density (𝜌C ) is defined by Equation (10):
𝜌C =

𝑚̇G + 𝑚̇D
𝑚̇G 𝑚̇D
+
𝜌G
𝜌L

(10)

where the mass flow rate is 𝑚̇. As in several other models available in the literature, the
determination of the mass flow rate of droplets (𝑚̇D ) is obtained here from knowledge of the
entrainment fraction of droplets, frequently predicted using empirical correlations.
2.2 Entrainment Phenomenon
According to Ishii and Mishima [4], there are two ways to measure the entrainment fraction of
droplets within gas-liquid annular flows. The first is with a probe placed in the center of the pipe
and assuming the distribution of droplets to be uniform. This method has flaws when there is a
high flow rate of liquid since there is a possibility that the probe also measures the film because of
turbulence on the film surface. A second, more rigorous approach is to remove the liquid film
through a porous wall in the pipe immediately before the test section, with the liquid being routed
back through the cyclone to return to the experiment [20]. The fraction of droplets that remain in
the gaseous medium can be measured using one of several techniques, such as diffraction
methods [21], photography and sedimentation [22], or a conductivity probe [23]. The test section
inlet geometry has a significant influence, requiring that measurements be conducted some
distance from the inlet for the correct results to be obtained [4].
The entrainment of droplets from the film to the gas core depends on both the gas velocity and
the liquid mass flow rate. Figure 1 illustrates the three most common types of entrainment of
droplets [24, 25]: 1) wave crest breaking, where an agitation wave grows toward the core and
breaks up into droplets; 2) the breakdown of gas pockets present in the film due to the high
surface tension; and 3) ligament breakage, where the difference in superficial velocities of the gas
and liquid, leads to the formation of a ligament and its breakage.
Using an experiment employing water and gas, Zhang et al. [26] used Laser Doppler
Anemometry (LDA) to observe the influence of relevant variables on the entrainment of droplets
in annular and churn flow environments, as shown in Figure 2.
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Figure 2 Types of entrainments of droplets divided according to liquid and gas
superficial velocities [26].
2.3 Empirical Correlations
Given the complexity of the theoretical modeling of the phenomenon, all of the existing
correlations that have been developed for the entrainment fraction of droplets (𝐸) have used an
empirical approach. Table 1 lists the correlations used in this work, the details of which are given
in the rest of this section.
Table 1 Correlations for the entrainment fraction of droplets analyzed in this work.
Author(s)

Correlation

Paleev and Filippovich [7]

𝐸 = 0.015 − 0.44 log [104
𝐸
𝐸max

Owen [25]

𝜌C 𝐽G 𝜇C
𝜌L

(

𝜎

=
if 𝐼𝑚 < 1.35 × 106
if 1.35 × 106 ≤ 𝐼𝑚 ≤ 2.15 × 106
if 𝐼𝑚 > 2.15 × 106

exp (−6.8872 + 0.472 ln 𝐼𝑚 )
{0.69 + 8.03 × 10−8 𝐼𝑚
exp (−1.775 + 0.112 ln 𝐼𝑚 )
𝐸

)]

𝛽

𝛽

𝛽

𝛽

𝛽

𝛽

= 10𝛽0 𝜌L 1 𝜌G2 𝜇L 3 𝜇G4 𝜎 𝛽5 𝐷𝛽6 𝐽L 7 𝐽G 8 𝑔𝛽9

Oliemans et al. [3]

1−𝐸

Ishii and Mishima [4]

𝐸 = tanh(7.25 × 10−7 ReL WeG,mod )

Pan and Hanratty [16]
Pan and Hanratty [27]

1/4

𝐸/𝐸max
1−𝐸/𝐸max
𝐸/𝐸max
1−𝐸/𝐸max

= 9 × 10−9 (

3
𝐽G
𝐷√𝜌G 𝜌L

= 8.8 × 10−5 (

𝜎

5/4

𝜌1−𝑚 𝜇 𝑚

) √𝑔𝑑G1+𝑚 𝜌G
32

3
𝐽G
𝐷√𝜌G 𝜌L

𝜎

L

)
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Sawant et al. [9]
Sawant et al. [10]
Karami et al. [28]

𝐸
𝐸max
𝐸
𝐸max

5/4

= tanh(2.13 × 10−4 Re−0.35
WeG,mod )
L
= tanh [2.13 × 10−4 Re−0.35
(WeG,mod − WeG,crit )
L

𝐸/𝐸max

5/4

1−𝐸/𝐸max

= 3 × 10−8 WeG,mod (

𝐽G −𝐽G,atom
𝐽G,crit

)𝑆

𝐷

atom

5/4

]

𝜌L

√𝜌

G

Paleev and Filippovich [7] used a horizontal pipeline to develop a correlation for the
entrainment fraction of droplets across a range of a ratio of 0.02 kg to 0.12 kg of water for every 1
kg of air and 3 × 104 ≤ ReG ≤ 8.5 × 104 . The data used in their work were from both vertical and
horizontal pipes, which explains the dispersion seen in the results. They found no relationship
between the pipe diameter and entrainment fraction of droplets. However, their correlation is not
recommended for small values of the ratio between the film and liquid (total) mass flows (𝑚̇F /𝑚̇L ).
The expression they used for the core density (𝜌C ) was Equation (11):
𝜌C = 𝜌G (1 + 𝐸

𝐽L 𝜌L
)
𝐽G 𝜌G

(11)

Owen [25] developed correlations for vertical pipes, 32-mm in diameter with air-water flows,
and pre-determined pressures and variation in gas and liquid velocities. He used the models of
Ishii and Mishima [29], considering the interpolation ranges of the dimensionless group (𝐼𝑚 ) as
shown in Equations (12) and (13). He observed a maximum point on the pressure gradient curve
as a function of gas flow rate, which was identical to the pressure gradient found in the hydraulic
resistance crisis phenomenon [30]. The dimensionless group 𝐼𝑚 is given by Equation (12):
⁄4

𝐼𝑚 = (𝐽G∗ )5⁄2 (𝐷∗ )3⁄2 Re1L

(12)

The dimensionless gas superficial velocity (𝐽G∗ ) is calculated by Equation (13) [25]:
𝐽G∗ =

𝐽G
𝑔𝜎Δ𝜌 𝜌 2⁄3
[ 2 ( G) ]
𝜌G Δ𝜌

(13)

1⁄4

The dimensionless hydraulic diameter is given by 𝐷∗ = √Eo, with the Eötvös number being
given by Eo = 𝑔𝐷2 Δ𝜌/𝜎, where 𝜎 is the gas-liquid surface tension. The maximum entrainment
(𝐸max ) is the upper limiting value of this parameter, and for which a liquid film must exist at the
bottom of a horizontal pipe, begin defined by Equation (14) [25]:
𝐸max =

1 − ReL,crit
ReL

(14)

The critical liquid Reynolds number (ReL,crit ) is given by Equation (15) [25]:
ReL,crit = exp [5.8405 + 0.4249 (

𝜇G 𝜌L
)√ ]
𝜇L 𝜌G

(15)
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Oliemans et al. [3] used data from the Harwell database [31] to model the correlations between
the interfacial friction factor and the entrainment fraction of droplets. The diameters of the pipes
that they studied varied from 9 mm to 20 mm, and the flow was turbulent. They closed their
correlation using the adjustment coefficients shown in Table 2. However, the parameters used
indicated that entrainment of droplets increased with increasing pipe diameter due to the 𝛽6
value (adjustment coefficient for diameter), contradicting the results of other studies, such as that
of Ishii and Mishima [4].
Table 2 Values for the adjustment coefficients of the correlation of Oliemans et al. [3].
𝜷𝟎
𝜷𝟏
𝜷𝟐
𝜷𝟑
𝜷𝟒
𝜷𝟓
𝜷𝟔
𝜷𝟕
𝜷𝟖
𝜷𝟗
-2.52 1.08 0.18 0.27 0.28 -1.80 1.72 0.70 1.44 0.46
Ishii and Mishima [4] developed a correlation using dimensionless parameters for flows in
vertical pipes based on the wave-crest-breaking entrainment mechanism. They also considered
the effect of the length of the flow inlet region (𝑧in ), defined in Equation (16), and introduced a
modified Weber number of the gas (WeG,mod ), defined in Equation (17). The correlation showed
satisfactory results for pipe diameters from 9.5 mm to 32 mm, pressures from 1 atm to 4 atm,
Reynolds number from 370 to 6400, and core velocities lower than 100 m/s.
𝐽G∗
𝑧in ≥ 600𝐷√
ReL
WeG,mod =

𝐽G2 𝐷𝜌G Δ𝜌 1⁄3
( )
𝜎
𝜌G

(16)

(17)

Pan and Hanratty [16, 27] used experiment and theory to develop correlations for both
horizontal [16] and vertical [27] pipes using air and water as fluids. The gas velocities were low in
the horizontal pipes and high in the vertical pipes. The pipe diameter in their studies ranged from
9.53 mm to 23.1 mm, the mass flow rate of the liquid varied from 0.003 kg/s to 0.97 kg/s, and the
gas velocity ranged from 11 m/s to 131 m/s. The exponent 𝑚 was defined as zero when within the
Newton regime, one when within the Stokes regime, and 0.6 when 1.92 ≤ Re ≤ 500. In this work,
we use 𝑚 = 0.6. The critical liquid Reynolds number (ReL,crit ) is defined as Equation (18):
ReL,crit = 7.3(log 𝜔)3 + 44.2(log 𝜔)2 − 263 log 𝜔 + 439

(18)

where the dimensionless parameter 𝜔 is = (𝜇L /𝜇G )√𝜌L /𝜌G .
Sawant et al. [9] developed a correlation employing two dimensionless numbers (Reynolds and
Weber) to estimate the entrainment fraction of droplets in air-water flows. This correlation was
considered to work well for the gas velocity values they used in the experiments at high pressure.
However, they indicated the need to use a better correlation to estimate the maximum
entrainment fraction of droplets. In their tests, the diameter of the pipes was 9.4 mm, the
pressure varied from 1.2 bar to 6 bar, the superficial velocity of the liquid varied from 0.05 m/s to
0.5 m/s, and the superficial gas velocity varied from 15 m/s to 100 m/s, with both velocities
varying according to the pressure used. They expressed the maximum entrainment fraction of
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droplets analogously to Equation (14) but using a minimum film Reynolds number (ReF,min ),
defined by Equation (19), in place of the critical liquid Reynolds number (ReL,crit ):
(19)

ReF,min = 250 ln ReL − 1265

Sawant et al. [9] also considered a modified gas Weber number (WeG,mod ) given by Equation
(20):
WeG,mod

𝐽G2 𝐷𝜌G Δ𝜌 1⁄4
=
( )
𝜎
𝜌G

(20)

Sawant et al. [10] used additional experimental datasets to describe the phenomenon and
establish a new correlation adapted from the one developed by Sawant et al. [9]. The fluids used
were air and water and an organic fluid (Freon-113) that exists as a vapor-liquid mixture at high
pressure. The pressure ranged from 1.2 bar to 6.0 bar in a 9.4 mm diameter pipe, for the air-water
experiment, and from 2.8 bar to 8.5 bar in a 10.2 mm diameter pipe, for the organic fluid.
However, the correlation proved not to be able to reproduce data in the literature, probably due
to the film extraction method used. In this modified correlation, the minimum film Reynolds
number (ReF,min ) is defined using Equation (21):
⁄2

ReF,min = 13𝑁𝜇−1
L

⁄

2
+ 0.3(ReL − 13𝑁𝜇−1
)
L

0.95

(21)

where the liquid viscosity number, 𝑁𝜇L , is given by Equation (22) [10]:
𝑁𝜇L =

𝜇L
𝜎 3 𝜌2
( 𝑔Δ𝜌L )

(22)

1⁄4

and the critical gas Weber number, WeG,crit , is given by Equation (23) [10]:
WeG,crit

2
𝐽G,crit
𝐷𝜌G Δ𝜌 1⁄4
=
( )
𝜎
𝜌G

(23)

Karami et al. [28] performed experiments with multiphase flows in a 152-mm diameter
horizontal pipe, using air, Isopar L oil, and water as the fluids. The pressure during the experiments
remained constant, despite the variations in the flow rates of the fluids. The atomization length of
the droplets (𝑆atom ) is defined by Equation (24), the atomization superficial gas velocity (𝐽G,atom ) is
based on the wave transition relationship described by Andritsos and Hanratty [32] (Equation (25)),
and for the critical gas superficial velocity (𝐽G,crit ) the Pan and Hanratty correlation [16] is used,
(Equation (26)). The latter is also used for the maximum entrainment (𝐸max ):
⁄

𝑆atom =

𝑃 [0.62𝛼L0.374 (

⁄

0.07 0.15 FrG4 5 We1G 4 𝜌G
+
)
( )]
𝜎
cos 𝜃
Δ𝜌

𝜌G,0
𝐽G,atom = 5√
𝜌G

(24)

(25)
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𝐽G,crit =

𝑔𝐷1.6 Δ𝜌
⁄

⁄5

13.9𝜌G2 5 𝜇G3

(26)

where the liquid fraction (hold-up) is 𝛼L = 1 − 𝛼G , the gas Froude number is FrG = 𝐽G /√𝑔𝐷, and
the gas Weber number is WeG = 𝐽G2 𝐷𝜌G /𝜎.
2.4 Experimental Data
Researchers have used a variety of different methods of experimental determination to obtain
empirical data on the phenomenon of the entrainment fraction of droplets. We use experimental
data obtained by MacGillivray [33] and Kesana et al. [34] in our comparative study of correlations
of entrainment fraction of droplets contained in the literature.
MacGillivray [33] performed experiments onboard the Novespace Airbus 310 Zero-G airplane
(https://www.airzerog.com/) under micro, hyper, and normal gravity to analyze the effect of gas
density and gravitational acceleration on film thickness and frictional pressure loss in annular
helium-water and air-water flows. We use the results obtained for air-water in normal gravity as
the correlations described in the previous section are often applicable in this case.
Under low film flow conditions, Kesana et al. [34] analyzed the effects of the system pressure,
gas and liquid flow rates, and the piping material on the entrainment of droplets, using Sulfur
Hexafluoride (SF6) with a high density as the gas phase, and Exxsol D60 oil as the liquid phase. The
pipes used were made of polyvinyl chloride (PVC) and carbon steel.
Table 3 lists the key pipe and fluid characteristics for the experimental datasets of MacGillivray
[33] and Kesana et al. [34].
Table 3 Key characteristics of the experimental datasets used in this work.
Parameter

MacGillivray [33] Kesana et al. [34]
PVC
Carbon steel
𝐷/(mm)
9.525
100
100
𝜀/(µm)
1.5
2
40
3
𝜌L /(kg/m ) 998
810
810
𝜇L /(MPa/s) 1.01
1.41 1.41
𝜇G /(MPa/s) 0.0181
0.015 0.015
𝜎/(mN/m) 72.7
28.5 28.5
2.5 Analytical Method
For the analysis of the performance of the correlations with the experimental data, a program
was written using Python™ [35]. Python is an expressive programming language with a simple and
efficient object-oriented syntax that is ideal for handling databases [36]. The following Python
libraries were used:
• Pandas [37] - used to import, process, and build the data tables (read and write Excel sheets
using the DataFrame feature, construct Series and a DataFrame, and configure and
customize the DataFrame).
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• Numpy [38] - used for math operations, with features such as extended precision (float64),
conditional (where), non-negative square root (sqrt), exponential (exp), natural logarithm
(log), base-10 logarithm (log10), cosine (cos), hyperbolic tangent (tanh), and pi.
• Scikit-learn (sklearn.metrics) [39] - used for calculating the errors between theoretical
results and experimental data (mean square error, mean absolute error, and mean absolute
percentage deviation).
The Plotly graphing package [40] was also used to produce the graphs employed in the analysis
of the results. After importing the data using Pandas, the correlations and auxiliary equations
(shown in Section 2.3) were written using functions. Each of these functions is called within a loop
using the imported data tables to allow the execution of the necessary calculations. Each
computed entrainment fraction of droplets (𝐸) had its values adjusted such that 0 ≤ 𝐸 ≤ 1. Valid
results were saved to another table and classified by the correlation used. These data were then
plotted to find trends in correlation behavior and to verify the accuracy of the results. Finally, the
code calculated deviations (standard, mean squared, absolute, and relative) and variances. The
results of this exercise are presented and discussed in the next section.
3. Results and Discussion
The results of the analysis were separated into three cases according to the experimental data
used: Case 1, with data from MacGillivray [33], and Cases 2 and 3, with data from Kesana et al. [34]
for PVC and carbon steel pipes, respectively. For each case, the influence of the superficial velocity
of the gas was analyzed using the data of the calculated entrainment fraction of droplets (𝐸) as a
function of the gas Reynolds number (ReG ), all other parameters in the Reynolds number
calculation being considered equal, and comparisons were made between the results of the
correlations and the experimental values to determine the degree of deviation between the two.
3.1 Case 1
As Figure 3(a) shows, 𝐸 is directly proportional to ReG . This is due to the increase in core
turbulence with higher ReG values, influencing the interfacial friction factor and the interfacial
shear stress (Equations (8) and (7), respectively). This increase in core turbulence causes the
waves on the film's surface to break and subsume the droplets released into the core. To observe
the precision of the 𝐸 values calculated using the correlations, Figure 3(b) shows the theoreticalexperimental comparison, with the diagonal line representing the case of zero-deviation between
the values. As can be seen, in the experimental data 𝐸 varies from 0.8 to 1.0. MacGillivray [33]
used a conductive wire probe to measure the film thickness, which may have resulted in an
overestimation of the 𝐸 values in comparison to the values calculated by the correlations analyzed
in this work, along with other factors.
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Figure 3 Case 1: (a) 𝐸 as a function of ReG and (b) the theoretical-experimental
comparison.
The correlation results of Paleev and Filippovich [7] are considerably higher than those of the
other correlations. This correlation overestimates the entrainment of droplets and does not
consider the pipe diameter effect, as observed by Kesana et al. [34]. The correlations by Oliemans
et al. [3], Owen [25], and Pan and Hanratty [27] present similar results to each other as they used
identical considerations and approaches. The two correlations by Sawant et al. [9, 10] use a
modified gas Weber number that is different from that used by Ishii and Mishima [4], but the
results show some similarity. The 𝐸 values calculated using the correlation of Sawant et al. [10] are
very low, approaching zero for lower ReG values.
Table 4 shows the values of standard deviation (𝜎𝐸 ), variance (𝜎𝐸2 ), mean squared deviation (𝜖1 ),
absolute deviation (𝜖2 ), and relative deviation (𝜖3 ) for each correlation. The divergence between
the experimental data and the calculated values is obvious, with instances of absolute deviations
of 100%.
Table 4 Deviations between experimental results and the correlations under study for
Case 1.
Correlation
Paleev and Filippovich [7]
Owen [25]
Oliemans et al. [3]
Ishii and Mishima [4]
Pan and Hanratty [16]
Pan and Hanratty [27]
Sawant et al. [9]
Sawant et al. [10]
Karami et al. [28]

𝝈𝑬
0.052292
0.017715
0.019439
0.007752
0.000371
0.034217
0.010884
0.009105
0.000000

𝝈𝟐𝑬
0.002734
0.000314
0.000378
0.000060
0.000000
0.001171
0.000118
0.000083
0.000000

𝝐𝟏
0.272940
0.684499
0.672113
0.795881
0.831660
0.596839
0.786202
0.793558
0.832393

𝝐𝟐
0.519828
0.827095
0.819503
0.892010
0.911747
0.772232
0.886602
0.890615
0.912143

𝝐𝟑 /(%)
56.99
90.68
89.85
97.80
99.95
84.71
97.22
97.64
100.00
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3.2 Case 2
Figures 4(a) and 4(b) show the 𝐸 versus ReG and theoretical-experimental comparison graphs,
respectively, for Case 2, and Table 5 shows the deviations. The calculated values with the
correlation of Paleev and Filippovich [7] did not converge using the data from Kesana et al. [34],
possibly because of the divergence between the key characteristics of the pipes and fluids of these
two studies. In the experiment carried out by Kesana et al. [34], 26 tests were performed at
different gas and liquid velocities and gas density/pressure, parameters that directly influence ReG ,
as seen in Figure 4(a), where there are several points with the same ReG value, but different 𝐸
values. This implies that ReG is not the only factor influencing the value of 𝐸. As Figure 4(b) shows,
for high values of 𝐸, the results of the correlations by Oliemans et al. [3], Ishii and Mishima [4],
and Sawant et al. [10] are the closest to the experimental results, despite the low precision. Most
of the calculated results overestimate 𝐸, as can be seen in the concentration of points on the left
side of the diagonal line of the graph. There are even instances of complete overestimation (𝐸 =
1), and underestimation (𝐸 = 0).

Figure 4 Case 2: (a) 𝐸 as a function of ReG and (b) theoretical-experimental
comparison.
Table 5 Deviations between the experimental results and the correlations under study
for Case 2.
Correlation
Owen [25]
Oliemans et al. [3]
Ishii and Mishima [4]
Pan and Hanratty [16]
Pan and Hanratty [27]
Sawant et al. [9]
Sawant et al. [10]
Karami et al. [28]

𝝈𝑬
0.233755
0.209538
0.263295
0.348001
0.241589
0.258461
0.249134
0.358599

𝝈𝟐𝑬
0.054641
0.043906
0.069324
0.121104
0.058365
0.066802
0.062068
0.128594

𝝐𝟏
0.209693
0.137427
0.117955
0.260907
0.176067
0.288907
0.178722
0.271757

𝝐𝟐
0.379037
0.296748
0.291718
0.415625
0.346567
0.450687
0.343815
0.422940

𝝐𝟑 /(%)
320.73
726.66
742.44
682.09
466.16
1631.25
530.89
700.92
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Table 5 shows the deviations of correlations compared to data from Kesana et al. [34] for Case
2 (PVC piping). The standard deviations of the correlations are higher than in the case of the data
by MacGillivray [33], showing that the calculated values of 𝐸 are more dispersed. The absolute
deviation values are also significantly higher. Kesana et al. [34] used SF6 and Exxsol D60 as gas and
liquid, respectively, while most of the correlations analyzed in this work used air and water in the
experiments that formed the basis for their development. Furthermore, Kesana et al. [34] used a
horizontal pipe, while the only correlations based on experiments with horizontal pipes analyzed
in this work are those of Pan and Hanratty [16] and Karami et al. [28], which may also explain the
divergence of results.
3.3 Case 3
In the experiments by Kesana et al. [34] with a carbon steel pipe, eight tests were performed at
only gas superficial velocities (7.5 m/s and 10.0 m/s), resulting in a concentration of the points in
the only two ReG values obtained, as shown in Figure 5(a). In Figure 5(b), there are clusters of
points to the left and the right of the diagonal line, representing the overestimation and
underestimation of 𝐸 values, respectively.

Figure 5 Case 3: (a) 𝐸 as a function of ReG and (b) theoretical-experimental
comparison.
As with the other two cases, no correlation precisely agrees with the experimental values. In
addition, Kesana et al. [34] observed that the 𝐸 values found with PVC piping are higher than
those found with carbon steel piping due to differences in the absolute roughness of each material.
However, the same behavior is not seen in the correlation results.
The correlations' standard deviations are higher than those of Case 1 but similar to the results
using the experimental data with PVC piping (Case 2). The absolute standard deviations of the data
with carbon steel piping are small. However, these values may be inaccurate due to the low
number of data points (Table 6).
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Table 6 Deviations between the experimental results and those of the correlations
under study for Case 3.
Correlation
Owen [25]
Oliemans et al. [3]
Ishii and Mishima [4]
Pan and Hanratty [16]
Pan and Hanratty [27]
Sawant et al. [9]
Sawant et al. [10]
Karami et al. [28]

𝝈𝑬
0.050911
0.138854
0.149130
0.257598
0.212326
0.266142
0.20728
0.257747

𝝈𝟐𝑬
0.002592
0.019280
0.022240
0.066357
0.045083
0.070831
0.042967
0.066434

𝝐𝟏
0.196572
0.062113
0.207599
0.142914
0.142937
0.122539
0.126856
0.142900

𝝐𝟐
0.412561
0.210979
0.366268
0.332758
0.342290
0.315803
0.319047
0.332654

𝝐𝟑 /(%)
90.80
69.17
127.23
84.43
81.37
81.22
76.59
84.41

4. Conclusions
The entrainment of droplets in gas-liquid annular flows is complex and challenging to model.
The correlations available in the literature have arisen from empirical tests or simulations, in
which obtaining the entrainment fraction of droplets values is laborious and imprecise. Thus, each
correlation deviates to some degree from its experimental situation.
Vertical annular flow with a liquid film lining the interior of the pipe of uniform thickness is the
main scenario used for developing correlations in the literature as this removed the need to
consider gravitational effects. However, gravity significantly impacts the atomization and
deposition of droplets in horizontal pipelines, leading to the over-estimation of the entrainment
fraction by these correlations. Also, horizontal flow in most operating conditions does not show a
uniform film thickness [28]. Our analysis has made it possible to verify that the entrainment
fraction of droplets increases with increasing gas velocity. However, more information is needed
to ascertain the influence of the gas-liquid velocity ratio, which influences the interfacial shear, as
well as other parameters. There is also a lack of experimental databases assembled under more
comprehensive operating conditions and more general correlations. Computational Fluid
Dynamics (CFD) tools can help significantly in this respect, as they allow a wide variation in
influence parameters, and the results of such numerical studies can generate a better
understanding of these and other phenomena related to multiphase flows [41-43].
The variation of some parameters, such as fluid velocity, pipe diameter, and the type of
working fluids, results in incorrect results. Although there is a margin of precision, none of the
correlations analyzed in this work performs satisfactorily compared to the experimental values
used. However, it has been observed that the MacGillivray [33] data for the entrainment fraction
of droplets may be imprecise due to the methodology used for its determination. Therefore, each
correlation must be cautiously applied due to the conditions and limitations in which they were
developed, for a better estimate of the entrainment of droplets, among other parameters.
In conclusion, more in-depth studies are necessary to understand the mechanisms that govern
the phenomenon and determine how to develop correlations that both satisfactorily estimate the
entrainment of droplets and are applicable in a range of operating conditions and situations of
interest.
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