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Abstract: Two-phase annular flow in vertical pipes is one of the most common and important flow
regimes in fluid mechanics, particularly in the field of building drainage systems where discharges
to the vertical pipe are random and the flow is unsteady. With the development of experimental
techniques and analytical methods, the understanding of the fundamental mechanism of the annular
two-phase flow has been significantly advanced, such as liquid film development, evolution of the
disturbance wave, and droplet entrainment mechanism. Despite the hundreds of papers published
so far, the mechanism of annular flow remains incompletely understood. Therefore, this paper sum-
marizes the research on two-phase annular flow in vertical pipes mainly in the last two decades. The
review is mainly divided into two parts, i.e., the investigation methodologies and the advancement of
knowledge. Different experimental techniques and numerical simulations are compared to highlight
their advantages and challenges. Advanced underpinning physics of the mechanism is summarized
in several groups including the wavy liquid film, droplet behaviour, entrainment and void fraction.
Challenges and recommendations are summarized based on the literature cited in this review.

Keywords: two-phase flow; annular flow; experimental techniques; annular pipe flow; building
drainage

1. Introduction

The building drainage system (BDS) provides a means to safely remove human waste
from a building. It consists of vertical ‘stack’ pipes and horizontal ‘branch’ pipes connecting
appliances to the vertical stack. The importance of this system in securing public health
for occupants has been highlighted recently in the COVID-19 pandemic. Recent work has
shown that cross-transmission of pathogens such as SARS and SARS-CoV-2 responsible
for the COVID-19 disease, and laboratory surrogate pathogens such as pseudomonas putida
(bacterium) and PMMoV (virus), have been shown to travel on airflows inside the BDS
which is naturally subject to pressure gradients in the system [1–5]. Understanding two-
phase flow in BDS is therefore a public health as well as a fluid mechanics issue.

The flow regime in a drainage system is generated by the unsteady transient flow of a
free-falling annular flow, which is a simplified version of a two-phase annular flow with
zero or natural airflow and can facilitate the transport of pathogens under certain conditions.
An incomplete understanding of the complex two-phase annular flow in vertical pipes
limits the extent of current design standards and hence the system quality. Indeed, the
vertical annular flow pattern can be found in many important industrial facilities, such as
nuclear reactors, refrigeration equipment, heat exchangers and condensers, transportation
of oil and natural gas, etc. As the most important two-phase flow regime, annular flow
has been widely investigated due to its large involvement in industrial processes and the
significant complexity of the flow mechanism.

Professor Hewitt and Professor Azzopardi contributed to the field of annular two-
phase flow through their series of studies and significant advancement of knowledge.
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Hewitt published the fundamental understanding of the annular flow and summarised the
literature in 1970, including theoretical models, interfacial waves, and entrained droplets [6].
Azzopardi published a comprehensive review of the literature up to 1997, focused on the
droplets in the flow, i.e., entrainment, size, motion, and re-deposition onto the wall film [7].
Berna et al. summarised the research on annular flow with a particular focus on droplet
entrainment [8,9]. Relevant review work focusing on the flow maps for two-phase flows in
vertical pipe and annuli was reported by Wu et al. in 2017 [10]. However, due to its nature of
complexity, it is always challenging to capture detailed and accurate information about the
flow at high temporal and spatial resolutions. The incompletely understood annular two-
phase flow requires further advancement in experimental techniques, numerical modelling
and a better understanding of the mechanism.

Therefore, this paper reviews the investigations on the annular two-phase flow in
vertical pipes with a particular focus on the investigation methodologies and advances in
understanding the mechanism. Experimental techniques used in previous investigations
and numerical modelling are reviewed in the first part of the paper. The challenges
of these electrical, optical or mechanical techniques are highlighted at the end of this
part. The advanced understanding of the flow characteristics including the wavy liquid
film, disturbance waves, droplet behaviours and droplet entrainment is summarized and
compared in the second part followed by a conclusion of current challenges and further
recommendations.

2. Investigation Methodologies

Due to the complexity of the annular flow mechanism, experimental techniques have
been widely used to obtain detailed information on the flow properties of the annular
two-phase flow. Pressure and temperature profiles can be collected using pressure sensors
and temperature sensors. However, it is always challenging to obtain accurate information
about the flow, such as fluid/gas velocity, film thickness, droplet entrainment, drop size,
drop velocity, void fraction, disturbance waves, etc. Some experimental techniques used
to measure the void fraction and flow regime [11], and film thickness [12,13] have been
summarized. The following section summarises and evaluates the experimental techniques
used in previous research, focusing on the flow regime, annular thin film and entrained
droplets, followed by a summary of the numerical investigations in the field.

2.1. Visualization and Photography

Due to the development of visual/optical techniques and digital image processing
technology, optical methods have shown great advantages in studying gas-liquid two-phase
flow, from which qualitative and quantitative results can be obtained. Flow visualization
is a useful intuitive method to study flow in transparent pipes, particularly in identifying
the flow regime map. Qiao et al. [14] conducted a detailed flow visualization study to
characterize the flow regimes in a vertical downward pipe. Flow regime maps for each
inlet, including bubbly, slug, churn-turbulent, and annular flow, were developed (as shown
in Figure 1). Nimwegen et al. [15–17] successfully recorded the visualized flow pattern in a
vertical pipe with surfactants, which caused the formation of foam. The videos clearly show
the significant impact of the surfactants on flow behaviour. To identify the flow regime,
similar visualization results have been observed by different groups of researchers [18–38].

Film properties, such as thickness and disturbance wave, can be also captured from
the visualization results. Pan et al. [39,40] conducted flow visualization experiments in an
air-water two-phase annular flow. High-speed videos of the vertical upward flow were
recorded to capture the liquid film properties and disturbance wave data using Matlab code,
based on which a prediction model of gas-liquid interfacial shear stress for vertical annular
flow was proposed. To minimise the issue of the different refractive indices, a transparent
square box was used with water filled inside. Schubring et al. [41], Lin et al. [42,43], Moreira
et al. [44] and Barbosa et al. [45] obtained the liquid-film thickness and disturbance-wave
characterization from high-speed imaging. Barbosa et al. conducted a series of experiments
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using a test section with a specially constructed transparent liquid inlet. High-speed video
recordings clearly showed the process of wave formation and the wave frequencies and
typical velocities were also obtained from the recorded videos.
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Figure 1. The visualized two-phase flow regime map, reprinted with permission from [14] 2017, Elsevier.

2.2. Laser-Induced Fluorescence (LIF)

To obtain detailed information on the annular film, Laser Induced Fluorescence (LIF)
technique has shown broad application prospects due to its high temporal and spatial
resolutions. The fluorescence of a certain wavelength can be excited by the laser, which
is then captured by a high-speed camera, and the film thickness can be obtained from
the recorded images. This enables a measurement of the film thickness and real-time
visualization of liquid film flow. A typical experimental setup for a planer laser-induced
fluorescence (PLIF) measurement of the liquid film thickness and the visualized liquid film
is shown in Figure 2. Häber et al. [46] successfully collected images of the illuminated film
and employed a ray-tracing technique to analyse the wavy annular film. They analyzed the
errors in the measurement and reported that the uniform film was widened by about 30%
due to the deflected fluorescence. Similarly, Eckeveld et al. [47] used a novel implementation
of PLIF to measure the film thickness, which had shadows on the laser sheet and appeared
as dark lines in the recorded images, preventing strong reflections in the measurements.
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Figure 2. (a), A typical experimental setup for PIV/LIF measurement, (1)—(4) are the annular film in
the front view, the targeting annular film full of tracer particles/dye that is illuminated by a laser
sheet, the transparent wall, and water in the optical correction box, (b), a visualized falling film, and
(c), a disturbance wave. (b,c) are adapted with permission from [48], 2014, Elsevier.
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Schubring et al. [49,50] also obtained visualization results of the liquid film using
PLIF in a vertical annular flow and proposed an improved visualization algorithm for
PLIF measurement [51]. Xue et al. [52,53] combined PLIF with high-speed photography to
study the liquid film thickness and droplet entrainment. They further [54,55] established
a distortion model and proposed a new distortion correction method for the PLIF mea-
surement of the film thickness with a virtual dual-view vision sensor. The method was
found capable of measuring circumferential film thickness and distribution characteristics.
Vasques et al. [56] used the Brightness Based Laser Induced Fluorescence technique (BBLIF)
to study the interfacial wave structure of the liquid film in both upward and downward
annular gas-liquid flows. Cherdantsev et al. [13] and Fan et al. [57] also used the BBLIF
in the investigation of the co-current downward annular gas-liquid flows as it can be
easily resolved in two spatial coordinates and to reconstruct the 3-D shape of the interface
wave. Other work using the LIF technique to successfully obtained the film properties in
gas-liquid annular flow is seen in [19,48,58–64].

2.3. Particle Image Velocimetry (PIV)

Particle image velocimetry (PIV) and Particle tracking velocimetry (PTV) have been
used to obtain the velocity profiles of the liquid film. Illuminated by the laser sheet, the
tracer particles can be detected to calculate the velocity vectors. Figure 3 is an example of the
liquid film velocity vectors obtained from PIV/PTV measurement by Zadrazil et al. [64,65].
Adomeit and Renz [19] and Ashwood et al. [66] also obtained averaged velocity distribution
in a thin annular film using PIV, but the quality of the velocity vector fields was not good.
Charogiannis et al. [67] successfully employed simultaneous PIV and LIF measurements in
an annular flow to capture the instantaneous velocity vector field and identify the annular
film thickness. The main challenges in the application of PIV to obtain the velocity profiles
of the liquid film are large velocity gradients in the thin film, strong fluctuation of the
free surface, the presence of droplets, and the disturbance waves that can be 10 times the
average base film thickness. We have recently conducted PIV measurements of the flow
velocity in a gas-liquid annular flow in a vertical pipe. Post-processing of the velocity data
and image intensity profile ensures the identification of the interface and hence can provide
a statistical understanding of the film thickness and velocity.
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2.4. Laser Focus Displacement Meter (LFD)

Annular film properties can be also detected by other techniques, such as laser focus
displacement meter, ultrasonic flow meter and near-infrared sensor. Hazuku et al. [68] used
a laser focus displacement meter (LFD) to measure the film thickness in an annular flow.
Okawa et al. [69] performed film thickness measurements using a laser focus displacement
meter, which focuses on a target adopted in automatic focusing. The LFD technique was
found capable of accurately measuring film thickness and improving the spatial resolution
up to 0.2 µm and time resolution up to 1 kHz. Other similar optical techniques tested in the
measurement of the film thickness are the total internal reflection (TIR) method [70,71], the
pigment luminance (PLM) method [72] and chromatic confocal imaging (CCI) [73].

2.5. Ultrasonic Flow Meter and Near-Infrared Sensor

Liang et al. [74] measured the film thickness and velocity using ultrasound Doppler
velocimetry. Important assumptions include a uniform circumferential liquid film with no
waves and no entrained gas. Hence, the measurement accuracy was not as good as other
techniques. Wang et al. [75] developed a new ultrasonic echo resonance main frequency
(UERMF) measuring system to measure the film thickness and reported an agreement
between the conductance probe and the UERMF with an error of less than ±10%. Al-Aufi
et al. [76] performed film thickness measurements using ultrasonic pulse-echo techniques
and demonstrated the potential of using different signal processing methods. Challenges
in the measurement were noticed when the gas-liquid interface experienced large waves.
Similarly, near-infrared light sensors have also been used to measure the film thickness
based on the different absorption characteristics of gas and liquid [77–81]. However, due to
the significant impact of the entrained liquid droplets on the absorption coefficient, light
guide pipes were designed and inserted into the annular flow, which ensured the light was
only absorbed by the liquid film.

2.6. Conductance Sensor

As one of the widely used sensors, the conductance sensor can measure the film
thickness and void fraction in the two-phase annular flow based on the relationship between
the fluid fraction and its conductivity. Coney [82] described the theoretical behaviour of
flat electrodes wetted by a liquid layer in 1973 and Hewitt [83] reviewed the application of
the conductance probe technique up to 1978. Damsohn and Prasser [84] designed a novel
flat high-speed liquid film sensor with a high spatial resolution based on the electrical
conductance method to measure the thickness of the dynamic liquid films in a two-phase
flow, which could be implemented into the annular flow. Some typical conductance probes
are shown in Figure 4. The inserted parallel wires probe can capture the local film thickness
at the measurement point with a high temporal resolution, while the embedded electrodes
are adopted to reduce the disturbance to the film and to measure the average local film
thickness.

Wang et al. [85] employed a conductance probe with adjustable insertion depth to
measure the film thickness in 2018, and the measurement error was less than 1%. Polansky
and Wang [86] applied POD (Proper Orthogonal Decomposition) on a large number of
tomograms for the identification of flow patterns in a gas-liquid annular flow. The images
were obtained using electrical impedance tomography via a series of electrodes mounted
non-intrusively (no induced disturbance to the flow) but invasively (direct contact with
the fluid) on the pipe. Measurement of the liquid film thickness by inserting electrodes or
parallel wire probes into the pipes is widely used in the field due to its simplicity and low
cost [23,24,87–109]. With no induced disturbance to the flow, the embedded electrodes can
be grouped as parallel strip electrodes, concentric circle electrodes, circular rod electrodes,
ring-shaped electrodes, and so on [12,36,39,40,110–128].
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Figure 4. Some typical conductance probes. (a), Parallel-wire probes [109], 2021 (b), embedded
concentric conductance probes [118], 2013 and(c), ring-shaped probes [129], 2019. Figures are adapted
with permission from the references, Elsevier.

The conductance probe is capable of measuring the void fraction of the annular flow.
Fossa [130] used ring-shaped electrodes and plate electrodes to measure the conductance
of the mixtures in pipes and hence to determine the liquid fraction of gas-liquid flow.
They further optimised the impedance probes for void fraction measurement in annular,
stratified, and dispersed flows [131]. Yang et al. [132] also used conductance probes (3 ring-
type impedance meters and 3 arc-type impedance meters) to measure the average void
fraction of the two-phase flow.

2.7. Capacitance Sensor

In two-phase flow, the permittivity of different fluids is generally different which
allows the measurement of the void fraction of the flow components using a capacitance
sensor. different types of these capacitance sensors, such as concave [133–135], parallel [136],
ring [74,137–139], and helical [140] sensors, were successfully used in the measurements of
the void fraction/gas holdup in the two-phase flows. The selection of this sensor is because
it is simple, easy to implement, and relatively low cost. A typical concave capacitance
sensor has two concave electrodes mounted on the tube circumference opposite to each
other between which the capacitance of the flow is correlated to the local void fraction as
shown in Figure 5. A parallel capacitance sensor has several pairs of plates mounted on the
outer surface of an insulating pipeline [136]. It can measure the capacitance between all
possible combination pairs of the electrodes and then estimate the void fraction based on
the image reconstruction algorithm. A ring-type capacitance sensor has two ring electrodes
separated in the axial direction of the tube [137] and a helical plate capacitance sensor has
two helical electrodes [140].
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Atkinson and Huang [141] developed mathematical models for the capacitance sensors
used in the measurement of the liquid annulus thickness. Ahmed [139] compared the
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concave and ring-type capacitance sensors in the void fraction measurement and flow
pattern identification in an air/oil two-phase flow experimentally and theoretically. It
was reported that the ring-type sensors were more sensitive to the void-fraction signal
and had better agreement with the theoretical predictions. Elkow and Rezkallah [140]
compared the concave and helical capacitance sensors together with quick-closing valves
and a gamma densitometer in the measurement of the void fraction in gas-liquid flows.
The fluid temperature was found to have a strong impact on the measured capacitance.
Kerpel et al. [142,143] used a concave capacitive void fraction sensor to determine the void
fraction and flow regime of a two-phase flow in a small tube. Annular flow, slug flow and
intermittent flow were set in the experiment and an alternative calibration technique based
on the statistical parameters of the measurement was proposed.

2.8. Wire-Mesh Sensor (WMS)

Phase fraction of two-phase flow (for instance, a droplet in the air core of annular flow
or bubbles in bubbly flow) can be also measured using a wire-mess sensor (WMS), as shown
in Figure 6, which has two sets of wire electrodes with a small axial displacement between
them and being perpendicular to each other. In this way, a matrix-like arrangement of
the measuring points (crossing points) is constructed. Based on the different electrical
properties of the flow phases, the instantaneous flow conditions at the measurement points
can be collected, from which the fractions of the flow phases can be distinguished.
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The wire-mesh sensor was first used by Johnson [146] to measure the fraction of
water in oil, based on the different conductivities. Prasser et al. [147] further developed an
electrode-mesh conductivity sensor, which was the basic form of current WMS, to measure
the void fraction distributions of a gas-liquid flow. The wire mesh sensor has been widely
used in the measurement of multi-phase flow properties, such as void fraction distribution,
flow velocity, bubble size, and film thickness [18,148–152]. Two review articles summarised
the application of different types of WMS for the measurement of flow properties in two-
phase flows and their associated uncertainties [153,154].

Lucas et al. [155] conducted a comprehensive investigation of the flow properties
of an air-water flow in a vertical pipe for a wide range of flow rates (including annular
flow). Using the wire-mesh sensor technology, they collected different flow properties,
including the gas volume fraction, bubble size, and gas velocity. Vieira et al. [144,145] used
a dual WMS with a sampling frequency of 10 kHz to detect the local instantaneous cross-
section distribution of the gas core in a vertical pipe. The dual sensor enables simultaneous
measurements of the local void fraction at two positions along the flow direction and the
flow velocity can be captured from the correlation of the two signals. Silva et al. [156]
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introduced a novel wire-mesh sensor based on fluid permittivity in a silicone oil bubbly
flow. Sensor and measuring electronics were evaluated showing good stability and accuracy
in the capacitance measurement.

2.9. Radiative Imaging

As a contactless measurement method, neutron imaging is an attractive option in two-
phase flow investigation for the high spatial resolution of the flow structure, such as void
fraction and film thickness [157–159]. In applications of gamma-densitometry [140,160–163],
the accurate correlation between the loss of radiation intensity and its void fraction provided
information on the prevailing flow regime. Banowski et al. [149], Zboray et al. [164] and
Misawa et al. [150] used X-ray CT (Computer Tomography) in annular flow and obtained
good time series of void fractions.

2.10. Film Extraction

The wavy liquid film is always a challenge in investigating the entrained droplets,
especially when optical techniques are employed. Therefore, film extraction is generally
needed to remove the unsteady optical distortion due to the liquid film and to accurately
measure the property of the entrained drops [165]. Figure 7 presents two examples of
the film removal configuration in the investigation of the entrained drops in annular flow.
The liquid film can be extracted through the porous wall with further purge gas injection
at the window or removed from the annular flow through a slightly smaller circular
slit. Measurement results of the droplet profiles showed a negligible impact on the film
extraction [166].

The extraction of the liquid film was not only required in the visualization study [165] but
also needed in laser Doppler anemometry (LDA) [26,167,168] and laser diffraction [99,166,169]
measurements. Film extraction can be also used to obtain the void fraction using the flow
rate of the separated liquid and gas flow. Bertodano et al. [170], Okawa et al. [171], and
Sawant et al. [172] used a film double extraction unit to separate the gas flow and the liquid
flow. With single-phase flow meters, the flow rate of the separated liquid/gas flow can
be determined which can be used to further calculate the void fraction. However, the
droplets entrained in the gas core have to be removed as well, which may otherwise result
in non-negligible errors.
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2.11. Shadow Photography and Laser Diffraction

With the fluctuating film removed, shadow photography and laser diffraction have
shown their capability to measure the droplet size in the gas core. Fore et al. [165] recorded
images of the entrain drops in a nitrogen/water annular flow, which had the liquid film
extracted through a porous wall (Figure 8). The size of the drops was measured directly
from images and statistics analysis provided information on the drop size distribution.
When a laser beam passes through a dispersed droplet, the angular variation in the in-
tensity of scattered light is determined by the drop size. In such a way, the distribution
of the entrained droplets can be obtained from laser diffraction results. Simmons and
Hanratty [166] measured the drop size in air-water annular flow at atmospheric pressure
using the laser diffraction technique (Malvern Spraytec R 5008 instrument, Malvern Pan-
alytical Ltd, Malvern, UK). This optical technique has been successfully used by many
researchers [47,99,100,169,173–179] in obtaining the droplet size distribution.
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2.12. Laser Doppler Anemometry (LDA)

Another optical technique for the droplet velocity measurement used is the laser
Doppler anemometry/phase Doppler anemometry (LDA/PDA) [18,176,179,180]. The
velocity can be obtained from the light scattered by the droplets and the Doppler shift,
which is related to the velocity component perpendicular to the bisector of the two laser
beams. Trabold et al. [161] conducted local measurements in a droplet-laden vapour core
in an annular flow, using a gamma densitometer, hot-film anemometer, and LDA. Van’t
Westende [167,168] and Zhang et al. [26] used phase Doppler anemometry to measure the
size and velocity of the droplets at 11 radial positions of an annular flow.

2.13. Other Mechanical Methods

Barbosa et al. [181] used an isokinetic probe, which was similar to a Pitot tube, to
collect the entrained drop and the gas flow of an annular flow, which were then separated
for the void fraction measurement. Oliveira et al. [182] achieved accurate measurement
of flow rate in gas-liquid flows using a venturi coupled to a void fraction sensor. A quick
closing valve (QCV) is another mechanical method to provide an exact void fraction
measurement by isolating a section of flow in the conduit and the void fraction can be
directly determined [140,183–194]. However, it is not a practical method to determine
the void fraction for continuous flow as it disrupts the flow. Hurlburt and Hanratty [195]
developed an immersion sampling system to measure the droplet diameter in an air-water
annular flow. A high-speed shutter apparatus was used to capture the drops in the small cavity
filled with high-viscosity oil. The droplet images were processed to obtain drop diameters.
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2.14. Numerical Simulation

With the development of computing power, numerical simulation (CFD) has shown
its capability to investigate the flow properties of annular two-phase flow. However, due to
its complexity, i.e., multi-phase, atomisation, deposition, droplets, bubbles, film, and waves,
an accurate and detailed simulation of the annular two-phase flow attracts great interest.
A common shortcoming of current CFD models is the treatment method used for the
dynamic gas-liquid interface configuration [196]. Because of the challenges in determining
the interface dynamics, a simple wave shape or even a smooth gas-liquid interface was
used in many of the solution models. Han and Gabriel [196–199] modelled the gas core
flow in a typical annular flow with the simplified flow in the liquid film region. Van der
Meulen [18] simulated the droplet behaviour and droplet trajectory in gas-liquid flows in
vertical pipes using Star-CD. They also quantified the deposition of the drops by diffusion
or direct impaction mechanisms. Xie et al. [200] numerically studied the three-dimensional
droplet impacts on a liquid film in a vertical annular flow (Figure 9).
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Alipchenkov et al. [201] used a population balance model (PNM) for droplet size
distribution, which was based on conservation equations. Liu and Li [202,203] used a CFD-
PBM (population balance model) model to investigate the droplet’s size distribution in an
annular flow system as well as liquid roll waves directly determined. Van’t Westende [167]
performed quasi-1D and 3D large eddy simulation (LES) simulations to compute the
pressure gradient and deposition of a dispersed phase in an upward airflow. The PDA
measurement results were used in the simulations, mimicking the atomisation process of
an actual annular dispersed flow as realistically as possible. Adineh et al. [163] compared
the experimental and numerical results of the void fraction inside a vertical pipe with
the numerical modelling done using the MCNP (Monte Carlo N-Particle Transport) code.
Saxena and Prasser [204] tested different turbulence models to predict the void fraction
and capture the liquid film flow properties.

Kishore and Jayanti [205] developed a finite volume method-based model to investi-
gate steady state, 2-D annular flow in a rough-walled duct. It was shown that the simplified
model gave reasonable predictions of the flow parameters under equilibrium and non-
equilibrium conditions. Kiran et al. [185] tested the VOF (volume of fluid) model and two
turbulence models (realizable k-ε and Shear Stress Transport (SST) k-ω models) in the
simulation of annular flows at high gas velocity and an average error of 20% was reported.
Hassani et al. [206] simulated the two-phase flow using the VOF method and piecewise
interface calculation (PLIC) algorithm to track the interface. Fan et al. [57] developed new
turbulence damping models to overcome the under-prediction of the turbulence level in
the numerical study using the volume of fluid (VOF) method.

It should be noted that some assumptions are generally used in the simulations, such
as fully developed and stable annular flow, isothermal flow, no mass exchange between the
two phases, uniform distribution of the liquid film, no entrapped gas bubble in the liquid
film and uniformly dispersed drops in the gas core. These assumptions can significantly
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simplify the numerical simulation process but may lead to some non-negligible errors and
hence have to be carefully validated.

2.15. Challenges of Current Experimental Techniques

Figure 10 simply summarises the research methodologies used in the investigation
of the annular two-phase flow in vertical pipes. The non-invasive and non-intrusive
optical measurements, i.e., flow visualization, planar laser-induced fluorescence (PLIF),
particle image velocimetry (PIV), particle tracking velocimetry (PTV), the laser Doppler
anemometry/phase Doppler anemometry (LDA/PDA), and laser diffraction are getting
more attractive due to the main advantage of no disturbance to the flow, high temporal
and spatial resolutions, and capability to capture the unsteady flow structure. However,
the optical transparency of the pipe or a window that enables the imaging of the flow is
essential in the application. Optical distortion of the transparent wall is another limitation
that needs to be minimised by a specially designed configuration or corrected in the
data post-processing. The main challenge in capturing the wavy film characteristics in
annular two-phase flow, particularly the statistical results (for example PIV), is the strong
fluctuation of the liquid film thickness. Some other measurement techniques, such as laser
focus displacement meter and ultrasonic flow meter, also have limited application due to
the complex unsteady flow characteristics in annular two-phase flow.
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Figure 10. A summary of the major research techniques used in the investigation of the annular
two-phase flow in the recent two decades.

The electrical sensors, i.e., the wire mesh sensor (WMS), conductance sensor, and
capacitance sensor, are still widely used due to their simplicity, reliability, and high tem-
poral resolution. The main limitations of these electrical sensoring technologies are the
invasive and intrusive nature of the wires, the requirement of the fluid electrical properties,
limited spatial resolution or single-point measurement, and relatively high measurement
uncertainty compared to other techniques. As a wire mess sensor needs to be positioned
within the pipe, it has a significant impact on the flow properties. It was reported that the
WMS caused velocity alteration due to the induced disturbance and a significant pressure
drop [147]. It is not applicable to use the WMS in pipe systems which may contain solid
components in the flow, such as the drainage system. The successful application of the
WMS is also determined by the different electrical properties of the fluids, i.e., conductivity
or permittivity, which are significantly different to distinguish the different phases from
the electronic signals [154]. The spatial resolution is determined by the number of wires



Water 2022, 14, 3496 12 of 30

used in each plane. A high resolution of more wires will increase the occupied area and
enhance its impact on the flow. Furthermore, the wires must bear the drag forces in the
flow, so the larger diameter of the wire, the greater drag force. Both of the two cases are
undesirable. Another issue associated with the spatial resolution is the interaction between
electrodes, this implies closer electrodes will cause a greater effect and hence lower the
measurement quality. The uncertainty of a WMS in void fraction measurement is generally
higher than 10% over a wide flow regime [153]. Therefore, in the two-phase annular flow,
the applicability of WMS is limited to cases where the film thickness and droplet size are
large enough compared to the mesh pitch. The bulk velocity of a WMS is calculated using
the assumption that the interfacial velocity is equal to the void velocity. However, this
incorrect assumption indicates the inapplicability of this type of measurement [207].

For a conductance probe, the electrical property of the fluid, particularly the temper-
ature, has a significant impact on the measurement result and accuracy. Therefore, it is
important to keep the fluid temperature constant during the experiment and to accurately
calibrate the probe at the same temperature. Another limitation of the conductance probe is
that it only can measure the local property (film thickness or void fraction) at the measure-
ment point. Additionally, the ring type or embedded probe can only measure the average
property at the cross-section. While the void fraction or film thickness is generally not
available directly from the conductance probe. The accuracy of the conductance probe is
generally about 10% [99,100,108].

3. The Wavy Liquid Film
3.1. Fundamental Understanding of the Liquid Film

For an annular two-phase flow in a vertical pipe, the peripheral liquid film generally
includes ripple and disturbance waves and acts as a thin wall for the gaseous core flow
with entrained drops, as shown in Figure 11. Annular flow gets stable when the fluid
has higher effective viscosity (molecular and turbulent viscosity) in the core region and
lower viscosity fluid in the annulus [208]. Several definitions are frequently used in the
field to describe the flow, such as instantaneous film thickness, the average thickness of
base film/substrate, average film thickness, and local maximum thickness. The liquid film
thickness is determined by the piping system configuration and the flow conditions such as
the liquid flow rate, fluid (gas/liquid) properties, and flow directions. The average liquid
film thickness has been well documented in previous research and new understandings
of the mechanism have been reported in the recent two decades due to the advanced
experimental methods and techniques.
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Figure 11. Structure of a typical two-phase annular flow in vertical pipe showing the disturbance
waves, ripple waves, liquid film, and entrained droplets.

Film thickness distribution captured directly from LIF results [47,49,56,67] (Figure 12)
is found similar across a wide range of flow conditions, although the absolute film thickness
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changes significantly. The average film thickness and the fluctuation of film thickness
decreased with gas flow velocity and increased with the liquid flow velocity and the
relationship between the average film thickness and the roughness is determined by the
liquid and gas flows [50]. Zhao et al. [118] collected high-frequency film thickness data of
a gas-liquid annular flow and found the film variation along the axial direction was not
significant (within ±10% of average values). The development of the average thickness
was only near the inlet, i.e., up to L/D=20 (ReL = 211) and L/D=25 (ReL = 603). Prior to
becoming fully developed, the film decelerates first to a local maximum thickness and then
accelerates again to become thinner.
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Figure 12. Film thickness distribution conducted from BBLIF [56].

It is well understood that the film thickness generally decreases with the decr-
ease in the liquid superficial velocity and increases in the gas superficial veloc-
ity [18,39,48,99,101,111,112,129,148,209]. The liquid film was reported to have 3-D struc-
tures with a large height fluctuation in circumferential and axial directions, and a mean-
dering path between the maximum height around the circumference (Figure 13) [54,55].
This fluctuation is mainly caused by the non-uniform generation of the ripple wave and
disturbance waves. This difference in film thickness in circumferential directions was also
observed from LIF results [59,60] conductive probe measurements [118,123]. It was found
that the average length of the disturbance waves was similar to the pipe diameter and
independent of the gas/liquid superficial velocities [123].
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A good agreement between the Nusselt’s predictions and experimental velocity pro-
files was found at low liquid Reynolds number and significant differences between the mea-
sured and Nusselt’s predicted profiles were reported in wavy turbulent films (Figure 14),
i.e., high Reynolds number [63]. The measured average film thickness data (PLIF) agreed
well with previous experimental data and was compared with Nusselt’s theory [48]. The
visualization results also proved the existence of recirculation zones in front of disturbance
waves [64]. Like the velocity profiles within the wavy film, the film thickness was well-
described by the Nusselt flow predictions at low ReL, while with increasing ReL, the film
thickness was increasingly underpredicted by the theory, but with good agreement with
Mudawwar and El-Masri’s semi-empirical turbulence model [210].
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Vassallo [211] conducted a near-wall measurement of velocity in the liquid film using
a hot-film probe. A modified law of the wall was suggested for annular two-phase flows
near the transition regime when the film was thicker. Muñoz-Cobo et al. [125] focused
on the effect of the liquid surface tension in vertical annular flow by having different
amounts of 1-butanol in the fluid. Reducing the surface tension leads to a reduction in the
intermolecular cohesion forces, easier entrainment of the small droplets from the wave
peaks and a decrease in the wave amplitude.

3.2. Disturbance Wave Characteristics

Based on the experimental and numerical results, Fan et al. [57] reported the main
progress of wave evolution, i.e., generation and development of initial waves, coalescence
of initial disturbance waves into large-scale waves, and acceleration of waves with further
stable propagation. They also found that the waves generated slow and fast ripples on
their rear slopes and droplet entrainment started from the disruption of fast ripples. The
disturbance waves were observed only when the liquid film Reynolds numbers exceeded
the critical value [118]. Dao and Balakotaiah [105] investigated the occlusion of falling film
in a vertical pipe with glycerine. The experimental results reported a good correlation
between the liquid Reynolds number, the Kapitza number, and the Bond number. Han
et al. [102] studied the effects of gas flow on the disturbance wave in the annular flow.
With a constant liquid flow rate, an increase in the gas mass flow rate resulted in a series
of changes in the wave characteristics, i.e., decreased wave spacing and increased wave
frequency, slightly decreases in wave base height, peak height, and the mean film thickness.
They also reported a much more significant increase in the liquid velocity from the base
area to the wavy area with an approximate ratio of 1:14.

Alekseenko et al. [58–61] reported quantitative studies of the disturbance wave focus-
ing on its spatial and temporal evolution. Three different regions were defined in the liquid
film: the crests of disturbance waves, where the fast ripples existed; the back slopes of



Water 2022, 14, 3496 15 of 30

disturbance waves, where the slow ripples were generated and their properties gradually
changed with increasing distance from the crests; and the base film, where the properties
of slow ripples had stabilized values. Rapid changes in the film flow parameters, including
the thickness, disturbance wave velocity, and frequency, were found within the first 50 tube
diameters [111]. The disturbance waves were found to appear and to achieve the stable
circumferential distribution at 5–10 pipe diameters from the injection and this coherence
gradually strengthened downstream [118].

The identification of the flow pattern and the pressure gradient was determined by
the characteristics and behaviours of the interfacial wave [42,43], and its orientation has
significant impacts on the flow identification and pressure gradient. Pressure drop in a
downward co-current annular flow measured by Hajiloo et al. [212] suggested that at a
fixed gas Reynolds number, a large increase in interfacial friction accompanied a decrease
in tube diameter and existing correlations were unsuccessful for the present data.

3.3. Correlations of the Film Thickness

Klyuev and Solov’eva [213] developed a mathematical model for the annular flow,
which showed the increase in void fraction resulted in decreases in the average film
thickness and the average liquid velocity. Belt et al. [209] improved the Wallis correlation
by correcting the film roughness, which was assumed as four times the mean film thickness.
The new sand-grain roughness was found proportional to the wave height and can be
estimated using the roughness density. The transient behaviour model [214] and critical
friction factor model [215,216] were developed to estimate the averaged film thicknesses.
The calculated results were agreed to within 20% of the experimental measurements.
The liquid film at the top was found significantly different from those at the lower axial
positions [148], which had a distinctly different slope from the published correlations and
theoretical predictions, and hence suggested a potential change in the film structure in
large-scale pipes.

Different correlations of the liquid film thickness based on experimental results and
theoretical analysis have been proposed so far, which are summarised in Table 1.

Table 1. Correlations of the average liquid film thickness of annular two-phase flow.

Reference Correlations of the Liquid Film Thickness

Ishii and Grolmes [217] (1975) δ = 0.347Re2/3
L

√
ρL
τi

µL
ρL

Henstock and Hanratty [218] (1976)
δ = 6.59F

(1+1400F)0.5 D

F = 1√
2Re0.4

G

Re0.5
L

Re0.9
G

µLρ0.5
G

µGρ0.5
L

Tatterson et al. [219] (1977)

δ = 6.59F
(1+1400F)0.5 D

F =
γ(ReL)

Re0.9
G

µLρ0.5
G

µGρ0.5
L

γ =
[(

0.707Re0.5
L
)2.5

+
(
0.0379Re0.9

L
)2.5
]0.4

Hori et al. [220,221] (1978) δ = 0.905Re−1.45
G Re0.9

L Fr0.93
G Fr−0.68

L

(
µL

µL,re f

)1.06
D

Ambrosini et al. [222] (1991) ρLδu∗
µL

=

{
0.34Re0.6

L ReL ≤ 1000
0.0512Re0,875

L ReL > 1000
, u∗ =

√
τi
ρL

Fukano and Furukawa [94] (1998)
δ = 0.0594exp

(
−0.34Fr0.25

G Re0.19
L χ0.6)D

χ =
jGρG

jGρG+jLρL

Okawa et al. [223] (2002)

δ ≈ 1
4

√
fwρL
fiρG

(1−E)jL
jG

D
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(

1 + 300 δ
D
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(
16
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, 0.005
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Table 1. Cont.

Reference Correlations of the Liquid Film Thickness

MacGillivray [224] (2004) δ = 39 µL
ρL jL

Re0.2
L

1−a
a

(
ρG
ρL

)0.5

Hazuku et al. [68] (2008)
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)1/3
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g
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L
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D−2δ

4

(
dp
dz
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f ric

τi = fiρG j2G/2
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L
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( .
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) 1
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Rivera et al. [125] (2021) δ = 2.35Re−1.415
G Re0.414

L Ka0.781D
Rivera et al. [127] (2022) δ = 0.19Re0.54

L
(
1− 1.29× 10−5Re0.93
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)( v2
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)1/3

Pan et al. [39] δDW
D = 1400

(
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)− 1
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[
(ρL−ρc)gδ2
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Ju et al. [226] δDW = 0.24tanh
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G

)
D

Y. Rivera, et al. [125] δDW
D = 0.554× 10−3Re−0.57

G Re0.061
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3.4. The Void Fraction of Annular Two-Phase Flow

The void fraction is the fraction of the gaseous phase to the total volume of the
channel, which is generally between 0.65 and 0.98. Godbole et al. [191] conducted a
comprehensive literature review of the void fraction correlations and experimental results
in the early years of upward two-phase flow. Most area-averaged void fraction had an
increasing trend along the axial direction and decreased after a maximum value of around
80–100 diameters downstream [144,145,148]. However, the decrease in void fraction in the
vertical downward annular flow was also observed in some conditions which was a result
of the kinematic shock phenomenon. Alves et al. [214] developed a three-field two-phase
flow model to simulate the transient annular flow in vertical pipes with a slight tendency
of underprediction. Smith et al. [103] proposed a one-dimensional interfacial area transport
equation (IATE) using measurements of local void fraction, interfacial area concentration,
and interface velocity of an upward annular flow in a large pipe. The dependence of
mixture density on the void fraction and correlations based on the slip ratio and drift flux
model were analysed [228]. Table 2 summarized the correlations for the void fraction (a)
annular two-phase flows.
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Table 2. Correlations for the void fraction (a) of annular two-phase flows.

Reference Correlations for the Void Fraction

Tandon et al. [229] (1985)

a =
{

1− 1.928Re−0.315
L [F(Xtt)]

−1 + 0.9293Re−0.63
L [F(Xtt)]

−2
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)0.9( ρG
ρL

)0.5

Usui and Sato [93] (1989)
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ρL

(
jG
jL

)2
]
= 0

Free falling film, a = 1−
(
2CwFr2

L
)7/23

Cioncolini and Thome [230] (2012)
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Kumar et al. [194] (2017)
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a5/2 · ρc
ρL

(
jG
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Free falling film, a = 1−
(
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L
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4. The Entrained Droplets in the Central Gas Core
4.1. Droplet Behaviour

The surface instability is the reason for droplet formation and its entrainments. In an
annular two-phase flow, the top part of the disturbance wave is undercut and forms an
open-ended bubble with a filament rim. This bag breaks into many small droplets and
the rim’s break-up results in a smaller number of larger drops. Some of the droplets can
deposit onto the liquid film and hence leads to a decrease in the entrainment. The droplet
entrainment was well discussed and summarised by Prof. Azzopardi [7] and supported
by recent experimental results as shown in Figure 15 [48]. Kumar et al. [231] numerically
observed wave-like protrusion in an orifice, a bag-like break-up in undercutting, and
ligament fragmentation that results in dislodge of droplets from the film (Figure 15g). The
entrained droplet generally moves with the gas core, with its distribution of size varying
in time and space. Tube diameter has been found to have little influence on the sizes
of drops [169]. In contrast, the drop size was determined by the liquid flow rate and
viscosity, increasing with increases in both [180,232]. The models used to describe the
onset of entrained liquid fraction were reported invalid with high viscosity liquid [233] and
the droplets in the early stage could be larger than any stable droplet in convection pipe
flow [234].
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Figure 15. PLIF images showing the droplet entrainment process: (a) disturbance wave, (b) wave
undercut (c) ligament break-up, (d,e) different stages of a bubble burst, (f) liquid impingement,
adapted with permission from [48], 2014, Elsevier and (g) simulation of the droplet formation of
undercutting zone, adapted with permission from [231], 2016, Elsevier.
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Okawa et al. [171] conducted a series of measurements focusing on the droplet entrain-
ment and deposition of an annular two-phase flow in a small vertical tube. The entrainment
rate had a good correlation with the dimensionless number denoting the interfacial shear
force and surface tension, while the deposition rate was determined by the droplet concen-
tration in the gas core. It is also reported that at low drop concentrations, the deposition rate
varied linearly but was not sensitive at high concentrations [232]. In another work [177], the
droplet deposition rate was determined by the deposition constant and the drop velocity
fluctuations. Xie et al. [200] studied the three-dimensional droplet deposition process and
reported detailed complex interfacial structures during droplet impact.

Zhang et al. [32] measured the size and velocity of the droplets and reported that
the ligament break-up of waves produced a large number of drops with high velocity
and sphericity. The droplets had a continuous size distribution and the size increased
slightly during the accelerated migration in the gaseous core. The droplets experienced
axial acceleration and radial deceleration during the radial migration, but the overall
distribution of droplet size and velocity remained unchanged. Starting with a small
number, the proportion of relatively large drops gradually increased and their impacts on
the total momentum could not be neglected. Alamu and Azzopardi [99,100] reported that
both wave and droplet dominant frequency increased with an increase in the superficial
velocities of both gas and liquid and drops became more elastic as liquid superficial velocity
increased.

Trabold and Kumar [161,235] found the vapour turbulence was enhanced by the
droplets over the range of drop size and concentration. However, improvement of the
experimental technique and reduction in the measurement uncertainties were highly recom-
mended as the uncertainty could be up to 25%. To further reconcile the droplet diameters
obtained by various researchers, a definitive study is also highly recommended [7]. Liu
and Li [202] showed it was possible to numerically predict the drop size distribution in
annular two-phase flow using coalescence and breakup kernels. However, the only good
prediction of the large droplets implied that it was necessary to develop a more accurate
model. Based on Kataoka’s correlation [236], Fore et al. [165] proposed a prediction of the
drop size, which is given in Table 3 as well as other recently proposed correlations.

Table 3. Predictions of the drop size in an annular flow.

Reference Prediction of the Droplet Size

Kocamustafaogullari et al. [234] (1994)
d32
D = 0.64C−4/15

W We−3/5
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Azzopardi [7] (1997) d32
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Berna et al. [8] (2015) dv
D = 0.11We−0.68

G Re0.33
G Re0.11

L

(
ρG
ρL

)0.31

Wang et al. [180] (2020) d32
D = 0.022We−0.545

G We0.214
L Re−0.249

L Re0.439
G

(
ρG
ρL

)0.117

4.2. Correlation of Droplet Entrainment

Droplet entrainment fraction (E) is defined as the ratio of the entrained liquid drop
mass flow rate divided by the total liquid mass flow rate and the entrainment rate (ε) is
defined as the entrained drop mass rate per unit area of the gas-liquid interface. It has been
shown that most of the predictions developed were very restricted in a wide variety of flow
conditions. And there has not been a general correlation for the entrainment fraction so
far [238]. The correlations of the droplet entrainment rate and entrainment fraction of the
annular two-phase flow reported recently are summarised in Tables 4 and 5 in this section.
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In our recent work, the droplet entrainment of an annular two-phase flow in a vertical
pipe was obtained using the film extraction technique. The entrainment fraction is plotted
against various flow rates at different heights, which shows the developing process of the
entrained drops to a steady state. The impact of the ventilation on the flow behaviour of
the annular flow, i.e., with or without the central gas flow, is examined in form of entrained
droplets, which shows a negligible difference in entrainment fraction. These results will be
published soon with annular velocity and thickness profiles.

Table 4. Correlations for the droplet entrainment rate in annular flows.

Reference Correlations of the Droplet Entrainment Rate

Bertodano et al. [170] (1997)
εD
µL

= k
[

WeG

(
∆ρ
ρG

)1/2(
ReL f − ReL f c

)]0.925(
µG
µL

)0.26

ReL f = ReL(1− E)
Kataoka et al. [239] (2000) εD

µL
= 6.6× 10−7Re0.74

L Re0.185
L f We0.925

(
µG
µL

)0.26

Bertodano et al. [240] (2001) εD
µL

= 3.8×10−6σ
4

(
ReL f − ReL f c

)
WeG

(
∆ρ
ρG

)1/2

Okawa and Kataoka [241] (2005)
ε = ρLmin

(
0.0038πe1, 0.0012π0.5

e1
)

πe1 =
fiρG(j2

G−j2
Gc)δ

σ
Ryu and Park [242] (2011) ε = ρLVe

uG−uDW
4hλ2

√
a

Liu and Bai [243] (2017) ε = 4.347× 10−6ρLRe0.584
L

(
ρL
ρG

)0.0561(
τiδ
σ

)0.391
(

D√
σ/g∆ρ

)−0.291

τi = fiρG j2G/2

Wang et al. [244] (2020)

ε = εmax × tanh
(
3.56× 10−6Re0.47

la We1.15)
εmax
√

σ/g∆ρ
µL

=

{
0.00515Re0.69

la (Rela ≤ 800)
0.521 (Rela > 800)

Rela =
ρL jL
√

σ/g∆ρ
µL

Table 5. Correlations for entrainment fraction in annular two-phase flows.

Reference Correlations for the Entrainment Fraction

Oliemans et al. [245] (1986) E
1−E = 10−0.25ρ1.08

L ρ0.18
G µ0.27

L µ0.28
G σ1.80D1.72 j0.7
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Table 5. Cont.

Reference Correlations for the Entrainment Fraction

Berna et al. [8] (2015)
E
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G Re−2.62
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5. Conclusions and Recommendations

Annular two-phase flows in vertical pipes widely exist in many industrial applications,
which have been investigated since the early years of fluid mechanics. This is also the
case with annular flow in building drainage systems. Aiming to provide a general under-
standing of the current state of understanding on the topic, this work provides a review
of the research in the most recent two decays, with a particular focus on the experimental
techniques and advanced understanding of the mechanism underpinning annular flow.

Experimental techniques used in the field are summarised and their advantages
and limitations are discussed in Section 2.15. These challenges, such as distortion of
the transparent wall in optical measurements, strong fluctuation of the liquid film, and
disturbance induced by the inserted probes, further imply the need for new or improved
techniques to capture the detailed flow properties of annular two-phase flow, particular
with these characteristics, high accuracy, simplicity and suitability for wide industrial
applications. Lots of analytical expressions and empirical correlations of the liquid film
thickness, disturbance wave property, droplet entrainment, drop size and void fraction has
been proposed. on the other hand, this indicates the lack of a well-accepted model that can
accurately predict the flow parameters in a wide range of flow and pipe conditions.

With the development of experimental techniques and computing capacity in the last
two decays, the understanding of the complex two-phase annular flow in vertical pipes has
been significantly advanced, for instance, the clear capture of the liquid film fluctuation
and droplet generation. It is not surprising to note that all previous investigations are
focused on steady flow conditions, including the transient flow region near the inlet of
a stable annular flow, which is more frequently used, easier to measure and simpler to
model. However, unsteady annular two-phase flow, which can be also seen in some cases
and is always found in a building drainage system, has not been widely investigated and
is not well understood. The current understanding of unstable annular flow is generally
derived from the steady-state annular flow. Therefore, investigation of unsteady annular
flow and transient region of a stable flow is recommended with particular focus on the
wavy liquid film, gas core and entrained drops. It would therefore be reasonable to suggest
that building drainage codes (particularly for tall buildings) should incorporate elements
of this new understanding.

It should be also emphasized that the gas flow in the central core region is not an
essential requirement for annular two-phase flow in vertical pipes. When gas velocity in
the central region is set to zero, or the ventilation pipe is closed in a free-falling flow, similar
flow features should be observed in a vertical pipe, such as film development, disturbance
wave, and droplet entrainment. But many previous theoretical or empirical models have
gas flow as one of the dominating mechanisms and non-negligible gas superficial velocity
in the formulas. These models have obvious limitations in predicting annular flow with
no gas flow in the central region. Both facts mentioned here indicate the need to further
advance the understanding of the flow mechanism and to develop new theoretical or
empirical models.
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Abbreviations

Nomenclature List
Symbols Greek Characters
a Void fraction δ Film thickness
C Friction factor δ Time-averaged film thickness
d Diameter of the drop ε Entrainment rate
D Diameter of the pipe λ Wavelength
E Entrainment fraction µ Dynamic viscosity
f Friction factor ν Kinematic viscosity
Fr Froude number ρ Density
g acceleration of gravity σ Surface tension coefficient
h Disturbance wave height τ Shear stress
j Superficial velocity Subscripts
k Wave number * Friction
Ka Kapitza number 32 Sauter diameter
L Length base The base of the disturbance wave
.

m Mass flow rate c Gas core
Nu Viscosity number DW Disturbance wave
Nuf Non-dimensional viscosity number e Entrained
∆p Pressure difference m Modified
Re Reynolds number max Maximum condition
St Strouhal number G Gas
u Velocity Gc Critical gas state
V Volume L Liquid
We Weber number La Laplace length
x Vaper quality lf Liquid film
Xtt Lockhart-Martinelli parameter lfc Critical film flow(

dp
dz

)
f ric

Pressure gradient due to friction loss L, ref Liquid at reference condition (at 20 ◦C)

i Interfacial
v Volume mean
w Wall
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