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Abstract

This paper is devoted to the simultaneous application of two spatiotemporally resolved optical techniques
capable of liquid film thickness measurements, namely Planar Laser-Induced Fluorescence (PLIF) and
Brightness-Based Laser-Induced Fluorescence (BBLIF), to co-current downward annular gas-liquid flows. A
single laser sheet is used to excite the liquid film, which has been seeded with a fluorescent dye, along a
longitudinal/vertical plane normal to the pipe wall. Two cameras, one for each technique, are placed at different
angles to the plane of the laser sheet in order to recover, independently by the two techniques, the shape of the
gas-liquid interface along this section. The effect of the angle between the laser sheet and the PLIF camera axis
is also investigated. In film regions where the gas-liquid interface is smooth and flat, the conventional approach
used for interpreting PLIF data is affected by total internal reflection of the fluorescent light at the free surface,
or “mirror effect”, which leads to an overestimation of the film thickness that increases as the angle between the
laser sheet and the camera axis is decreased. Nonetheless, local features such as light intensity maxima or
minima are often located within the fluorescent signals that correctly identify the true interface, which in these
conditions also coincides well with the BBLIF film-thickness measurement. When a correction for the mirror
effect based on simple flat-film optical calculations is applied, this leads to PLIF results that correspond well to
the true film thickness. Interestingly, it is further found that interfacial three-dimensionality, and in particular
azimuthal/circumferential non-uniformity, can lead to underestimation of film thickness by PLIF that in some
cases counteracts the overestimation due to the mirror effect. Smaller angles between the laser sheet and camera
axis make PLIF less susceptible to this error. In regions where the film surface is rough, including on the surface
of disturbance waves, the mirror effect is suppressed. The BBLIF measurement, on the other hand, is affected by
loss of signal sensitivity or saturation in thick film regions, as well as distortions at complex or multiple
interfaces in agitated flow regions with significant wave activity. Direct comparisons between PLIF and BBLIF
measurement data confirm that local overestimations of the film thickness by the latter occur in film regions with
higher interfacial curvature, especially at the front slopes of waves and around gas bubbles entrained in the liquid
even in smooth films, while underestimations occur in regions with multiple interfaces and inside bubbles
although it is often the case that features such as bubbles can be identified and corrected for in simple flows with
smooth interfaces. Correction procedures are developed to compensate distortions caused by both methods that
make these techniques more accurate for standalone employment. In highly complex, three-dimensional flows,
the simultaneous application of both techniques is highly recommended to attain the most reliable information.
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1. Introduction
1.1. Description of annular flows

In annular flows, the liquid phase flows as a thin film along the inner wall of a duct and is in contact with a
gas stream which flows through the core of the duct. At sufficiently high liquid and gas flow rates, liquid
droplets are entrained in the gaseous core, and gas bubbles are entrained in the liquid film. Annular flows are
commonly encountered in industrial equipment such as heat exchangers, evaporators, condensers, absorbers
and reactors, and feature in many applications in the chemical and oil and gas industries, as well as in nuclear
power plants. The ability to predict the integral characteristics of these flows, such as the mean film
thickness, pressure drop, heat transfer and entrained fraction of gas/liquid is vital for the design and
operation of relevant industrial facilities. The approach most widely employed for this purpose involves
measuring these characteristics directly and creating empirical or semi-empirical correlations between these
quantities and important flow parameters. A noteworthy limitation of this approach is that the applicability of
such correlations is typically limited to the range of conditions in which they have been developed. This
comes as no surprise, as the flow characteristics are affected by numerous factors, including the liquid and
gas flow rates, the chemical and physical properties of each phase, the channel geometry, the orientation of
flow, the axial distance from the inlet where measurements are collected, the imposed heat flux, and any
phase transitions and chemical reactions. A second approach involves building physical models of the flow
based on experimental studies of the physical processes of interaction between the phases. This approach is
expected to yield more universal results, but is very challenging due to the complexity of the flow
phenomena underlying annular flows, even in the relatively simple case of an adiabatic, non-reacting flow.

The film surface in an annular flow is covered by a multiscale system of waves in which disturbance
waves dominate. These waves are prominent due to their high amplitude, lifetime, longitudinal size and
velocity, and are considered to be the main and necessary source of liquid entrainment (Hewitt and Hall
Taylor 1970). They also carry the majority of the liquid flow (Han et al. 2006) and exert a strong influence
on the pressure drop (Schubring and Shedd 2011) and heat transfer, including the triggering of nucleate
boiling in the case of heated pipe flows (Barbosa et al. 2003). In between disturbance waves, the flow
typically comprises a relatively smooth base film, which is several times thinner than the waves.

Another important family of waves that is observed in annular gas-liquid flows is that of small-scale
ripples, which are generated at the rear slopes of disturbance waves (Alekseenko et al. 2009). Ripple waves
can decelerate and travel across the base film with low speed until the following disturbance wave absorbs
them, or accelerate and travel across the top of a disturbance wave until they either decay near the front of
the wave, or scatter into ‘liquid bags’ and °‘liquid ligaments’ by the gas stream (Azzopardi 1983;
Woodmansee and Hanratty 1969; Pham et al. 2014; Cherdantsev et al. 2014). The generation of fast and slow
ripples may be attributed to the vortical motion of liquid below the wave surface (see, for example, the PIV
measurements by Zadrazil and Markides 2014, who recently confirmed the presence of recirculation zones in
disturbance waves). The disruption of fast-moving ripples is the main mechanism of liquid entrainment in
annular flows; the entrained droplets eventually deposit back onto the film either as ‘craters’, with possible
entrainment of secondary droplets, or ‘furrows’, with possible entrapment of gas bubbles into the liquid film,
depending on the angle of impingement (Cherdantsev et al. 2017).

1.2. Overview of experimental methods in annular flows

The experimental investigation of the wavy structure of annular flows presents significant challenges, and
imposes rigorous requirements on the experimental technique, such as the ones listed below:
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1) High temporal resolution (i.e., high sampling frequency) due to the high velocity of the large-scale
disturbance waves and fast ripples, which are typically of the order of several m/s.

2) High spatial resolution in order to resolve the small-scale ripple waves, which have a typical wavelength
of the order of a few mm.

3) High measurement dynamic range as the film thickness may vary from about several tens of pm, up to a
few mm for the same flow condition.

4) Experiments should be resolved in space and time simultaneously, due to the coexistence and interaction
of waves of different types, length scales and time scales.

5) The physical size of the interrogation region and the recording duration should be large enough in order
to study these interactions.

6) Ideally, the measurements should be resolved along both the longitudinal and azimuthal/circumferential
flow coordinates, as most wave phenomena (e.g., disturbance and ripple waves) are three-dimensional.

7) The measurement technique should be non-intrusive and allow, if possible, for the simultaneous
measurement of other flow quantities, such as the velocity field, species concentration and the
temperature across the liquid domain.

The above requirements become even more pressing if the processes of entrainment and deposition of
droplets and entrapment of gas bubbles are of interest, since the interfacial that relate to these processes are
associated with even smaller scales, higher velocities, more complex spatiotemporal behaviour and an even
stronger degree of three-dimensionality. In addition, the challenges associated with space- and time-resolved
measurements in annular flows, which include the restricted fluid domains under observation and the
intermittent nature of the wavy and moving interface, are exacerbated by the emergence of interface regions
with steep slopes and high curvature, as well as the generation of a large number of bubbles inside the film or
liquid entrainment, which may cause significant measurement errors.

A wide range of experimental techniques have been developed, or adapted from different research fields
for the investigation of the interface topology of liquid films in gas-liquid annular flows. Direct high-speed
imaging, for example, is useful when studying the dynamics of disturbance waves, as well as various flow
processes such as gas/liquid entrainment and deposition, as it can be employed with high spatial and temporal
resolution; however, it generally does not provide quantitative information on the film thickness, except when
an appropriately calibrated camera is placed at right angles to a longitudinal section of the flow at the outer
surface (Pham et al. 2014) or inside the pipe (Hewitt et al. 1990; Pan et al. 2015; Setyawan et al. 2016).

Conductance probes are amongst the most widely employed instrumentation in annular flow studies. They
are manufactured in two main electrode configurations, namely ‘flush-mounted probes’ (Chu and Dukler 1974;
Webb and Hewitt 1975; Azzopardi 1986; Zhao et al. 2013) and ‘parallel-wire probes’ (Karapantsios et al. 1989;
Han et al. 2006). The main limitation of the former is their low spatial resolution, which results in an
underestimation of the amplitudes of waves with wavelengths comparable to the probe size. Probe
miniaturization can only partially address this issue, as the maximum measureable film thickness falls with the
probe size. In a number of papers, complex systems of multiple flush-mounted conductance probes were
presented and employed to perform spatiotemporally-resolved film thickness measurements (Sekoguchiet al.
1985; Damsohn and Prasser 2009; Belt et al. 2010). These studies have enhanced our understanding of the
evolution of interfacial waves in annular flows, but the limited spatial resolution on offer remains an unresolved
issue. Twin-wire probes usually offer better resolution along with a linear sensitivity dependence on film
thickness, so that the distance between the wires can be reduced in order to improve the spatial resolution.
Nonetheless, such probes disturb the flow, and can affect any measurements conducted further downstream.
Thus, the use of multiple sequentially-mounted probes should be avoided when possible. It should also be
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noted that the probe itself is affected if a capillary meniscus is formed between the wires, which is highly likely
when a high concentration of bubbles is present in the liquid film (van der Meulen 2012).

Optical measurement techniques, and specifically laser-based techniques, are excellent alternatives to
the aforementioned measurement methods, as they are non-intrusive (as long as any chemical or particle
additives do not affect the main fluid properties or flow characteristics) and also because their spatial and
temporal resolution can often be adjusted to meet the requirements of a particular application. The laser-
focus displacement (LFD) method (Hazuku et al. 2008), for example, offers good spatial resolution, even
though it can only be used to conduct point measurements and is compromised in flows where the interface
slope exceeds 33 °, as well as in the presence of bubbles. Similarly, a method based on total internal
reflection (TIR) proposed by Hurlburt and Newell (1996) also only offers the ability to conduct point
measurements, and is limited by the presence of large interface gradients (in this case, the slope of the
interface cannot exceed 5 °© if accurate measurements are required).

In the context of experimental annular flow investigations, two optical methods based on the principle
of laser-induced fluorescence (LIF) have been used for film thickness measurements, which differ mainly in
the way the fluorescence emission is collected, and by extension, in the way the collected data are treated. In
both cases, the liquid is seeded with a dye that emits fluorescent light in a different spectral range than the
excitation/laser wavelength; the fluorescence is collected by a camera, which is typically equipped with an
optical filter. The first approach is known as planar laser-induced fluorescence (PLIF) and employs a laser
sheet to illuminate a section of the flow. The emitted fluorescence can be used to image the film cross-
section along the axial direction of the flow directly, and thus to measure its spatial extent in the radial
direction of the flow, while also detecting bubbles inside the liquid film and droplets in the gas phase,
allowing for the study of such phenomena simultaneously with the wave dynamics. This approach was
employed in the annular flow investigations of Schubring et al. (2010), Farias et al. (2012) and Zadrazil et al.
(2014). It can achieve high spatial and temporal resolutions simultaneously, and the collected data are
expected to be insensitive to the presence of interfacial curvature, bubbles and droplets. Another advantage
of PLIF is that it can be used simultaneously with particle image or tracking velocimetry (PIV/PTV) in the
same measurement plane in order to recover velocity field information from within the liquid film, as was
done, for example, by Zadrazil and Markides (2014) and Charogiannis et al. (2015). A limitation of the
standard implementation of this technique, owing to its inherently two-dimensional (2-D) nature, is in
performing 3-D measurements, which are possible, for example, with laser-sheet scanning, but challenging.
Information in the third dimension (circumferentially) can be obtained by measuring transverse film-
thickness profiles, as was done by Farias et al. (2012). A second limitation is related to the so-called ‘mirror
effect’ caused by TIR of the fluorescent light at the liquid-gas interface (film free surface), as examined
analytically via ray tracing by Héaber et al. (2015); this effect is of direct interest to the present study.

The second commonly employed LIF approach is known as brightness-based LIF or BBLIF. In this case,
the camera is located near the laser so that the angle between the excitation and imaging planes is reduced as
much as possible. The fluorescence intensity (image brightness) at each location along the interrogation region
is recorded by the camera (which is again equipped with an optical filter), and is converted to a local film-
thickness measurement according to the Beer-Lambert law. This method was used in point-wise configuration
by Hewitt et al. (1964) and by Lel et al. (2005), while field measurements of planar falling films, including 3-D
measurements, were performed by Liu et al. (1993), Adomeit and Renz (2000), Vlachogiannis and
Bontozoglou (2001), Alekseenko et al. (2005), Alekseenko et al. (2015a), Kharlamov et al. (2015). BBLIF was
also used specifically to study the structure of liquid films in annular flows with both 2-D (Alekseenko et al.
2009; 2014; 2015b) and 3-D (Alekseenko et al. 2012; Cherdantsev et al. 2014) configurations, together with
droplet entrainment and deposition, and bubble entrapment (Cherdantsev et al. 2017). BBLIF can be more
easily resolved in two spatial coordinates simultaneously in order to reconstruct the 3-D shape of the interface.
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BBLIF can also detect droplets above the interface and bubbles inside the liquid film, allowing detailed
investigations of the complex interactions between droplets, bubbles and waves. A noteworthy shortcoming of
BBLIF measurements arises when the interface is curved, which introduces a measurement error that increases
gradually with wave steepness and is significant when the angle of TIR, which is approximately 48 ° for an air-
water interface, is approached. Bubbles are still detectable and measureable with this technique, but the
thickness of the film encompassing the bubble can only be approximated. In contrast to PLIF, BBLIF does not
offer direct imaging across the excitation plane and thus, cannot be combined readily with PIV/PTV.

There are numerous other methods that are based on a similar measurement principle to BBLIF, such as
the light absorption (Clark et al. 2001), pigment luminance (Ohba and Nagae 1993) and near-infrared
attenuation (Dupont et al. 2016) technique; however, to the best of our knowledge, these are not widely
employed. In addition, there are more complex methods employing different physical principles, such as X-ray
tomography (Fisher and Hampel 2010), NMR tomography (Bonn et al. 2008), gamma densitometry (Sharaf et
al. 2011), cold neutron tomography (Takenaka et al. 1998) and ultrasonic methods (Chen et al. 2005). The
application of the majority of the aforementioned techniques involves significant purchasing costs, and is
subject to limitations including limited spatial or temporal resolution, low measurement accuracy in thin-film
regions, significant safety hazards, and the inability to resolve the measurements in more than one dimension.

1.3. Problem statement and overview of the paper

In the present work, the wavy structure of liquid films in gas-liquid annular flows is investigated by
simultaneous application of PLIF and BBLIF. This combination allows us to perform, for the first time, a
close evaluation and direct comparison of the two techniques in terms of their ability to recover some of the
characteristic features of annular flows, including the measurement of disturbance waves and bubbles. To
this end, a series of experiments were conducted in downward annular flows in a vertical pipe (inner diameter
32.4 mm), at a distance of approximately 100 pipe diameters downstream from the flow inlet. According to
Webb and Hewitt (1975), two wave-regimes dominate downward annular flows, namely the dual-wave regime
and the regular disturbance-wave regime. In the experiments described in this present paper we investigate both
flow regimes, and discuss the ability of PLIF and BBLIF to resolve the distinct film topologies that ensue.

In Section 2, we provide a description of the experimental apparatus and the measurement techniques
that we employ, and in Section 3, we present qualitative as well as quantitative analyses of the different error
sources and optical distortions relevant to our two selected LIF techniques, i.e., PLIF and BBLIF.
Furthermore, we examine the effect of the angle between the PLIF camera and the laser sheet by conducting
experiments using the conventional 90 © arrangement, as well as a 70 © arrangement. Finally, Section 4 is
devoted to direct quantitative comparisons of film thickness statistics (first and second moments, probability
densities) that were obtained by the two techniques, and to the proposal of correction procedures aimed at
moderating the errors associated with each of the techniques in standalone implementation.

2. Experimental methods
2.1. Experimental apparatus and conditions

PLIF and BBLIF measurements were conducted in downward annular flows in a vertical pipe with an inner
diameter D = 32.4+ 0.4 mm and a total length L = 5 m. The main vertical pipe was made of Fluorinated
Ethylene Propylene (FEP) in order to match the refractive index of water (nrep = 1.334 and nyaer = 1.334 at
532 nm at 25 °© C). The liquid phase was tap water seeded with Rhodamine 6G dye at a concentration of 8
mg/L. A schematic of the experimental apparatus is provided in Fig. 1. The liquid was circulated through the
closed flow-loop using a variable-speed, vertical multi-stage centrifugal pump (CRIE 3-15, Grundfos;
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labelled “JO1” in Fig. 1), and was introduced into the test section via a conical injector that generated
circumferentially uniform liquid films (for more details, see Zhao et al. 2013). At the measurement location,
which is at the farthest end of the pipe from the inlet, the pipe was partially enclosed in a Perspex box with
80-mm sides and a length of 1.3 m, and the free volume between the pipe and the box was filled with water
to minimize any optical distortions caused by the curved pipe wall. After flowing out of the vertical-pipe test
section, the gas and liquid phases were separated in the receiving tank, labelled "FO1" in Fig. 1.
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Figure 1: Flow facility schematic showing the inlet section, FEP pipe, correction box at the measurement
location, as well as the flow loop comprising the tank, pump and mass-flow controllers and air supply.

Experiments were performed over the range of liquid and gas flow rates summarized in Tables 1 and 2. At
high flow rates (= 2 — 3 L/min), the liquid flow rate Q1 was controlled by a turbine flow-meter (F110-X LCD,
Fluidwell, labelled “F1” in Fig. 1) with an accuracy of + 0.5 %, while at low flow rates (< 2 — 3 L/min) it was
measured by a Coriolis mass-flow controller (M15, Bronkhorst, “F2”’) with an accuracy of =+ 0.2 %. The gas flow
rate Oc was measured by a thermal mass-flow controller (M+W Instruments, Bronkhorst, “F3”) with a
manufacturer stated accuracy of + 0.2 %. The superficial gas velocity, defined as Vg = 4Q¢/zD? which in
annular (thin-film) flows is approximately equal to the bulk gas-phase velocity, was varied from zero to a
maximum of ~ 40 m/s in steps of ~ 4 m/s, covering a range of corresponding gas-phase Reynolds numbers, Reg,
from 0 to 85,100. The liquid-phase Reynolds number, Rer, was varied from 140 to 1,330. Here, the Reynolds
numbers of the gas and liquid phases are defined as Reg= 4Qc/mDvs and Rer= Qv/zDvi, where,vg and vy, are the
kinematic viscosities of air and water. The liquid phase may be also characterised by the bulk liquid velocity, V'L
= Qu/nD{h), where (h) is the mean film thickness. Based on a measure of (/) that was taken to be an average
between the two LIF measurements, the bulk liquid velocity spanned the range from 0.02 to 0.17 m/s. Therefore,
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the investigated flows spanned a range of kinematic velocity ratios Vo/V1 from 0 to ~ 63 (at the highest Reg and

lowest Rer). The experimental matrix consisted of 66 points (11 gas flow rates and 6 liquid flow rates).

Table 1. Experimental matrix of the investigated liquid flow rates.

Q. [L/min] Vi [m/s] Re [-]

0.8 0.02 140
1.7 0.03 300
3.2 0.07 500
5.1 0.10 800
6.6 0.14 1,040
8.4 0.17 1,330

Table 2. Experimental matrix of the investigated gas flow rates.

Qc [L/min] Ve [m/s] Rec [-]

0 0.0 0
200 4.1 8,700
400 8.1 17,500
600 121 26,200
800 16.2 34,900

1,000 20.2 43,700
1,200 24.3 52,400
1,400 28.3 61,100
1,600 324 69,900
1,800 36.4 78,600
1,950 39.4 85,100

At high gas-flow velocities, some variation of the liquid flow rate was observed, which was of the order of
5 % of the flow rate at zero gas-velocity (see Fig. 7 for a flow regime map representative of our experiments).
The temperature of the working fluid was monitored throughout the duration of the experimental runs using a
K-type thermocouple, which was installed in the collection tank. At medium and high gas-velocities the liquid
temperature was approximately 18 °C, while at the low gas-velocities the temperature was a few degrees
higher, possibly due to heating imparted to the liquid flow by the pump and the flow meter. This was especially
noticeable when the Coriolis flow meter was used, which resulted in heating of the liquid flow to 25 — 27 °C.
All the measurements were performed at a distance of 100 D downstream of the liquid injector.

2.2. Experimental procedure

A pulsed Nd: YAG laser (Nano-L-50-100PV, Litron Lasers, 4 = 532 nm, pulse energy 50 mJ, 10 ns pulse
duration, 100 Hz pulse-rate) was used for the excitation of the dye-doped liquid phase. The laser beam was
converted to a thin vertical sheet (the width of the sheet was approximately 0.5 mm) using a dedicated sheet
generator, and was focused at the inner pipe-wall. The sheet optics, and therefore the laser sheet, was
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inclined downwards at an angle of about 15 © from the vertical in order to limit the occurrence of reflections
at selected locations along the waves while accepting intensified reflections elsewhere. Two 8-bit CMOS
cameras (VC-Imager Pro HS 500, LaVision), each with 1,024 x 1,280 pixels, were employed for recording
the fluorescence emitted from the liquid phase in the region of interrogation (ROI), one for each technique,
and were aimed at approximately the same flow region. Both cameras were equipped with Sigma 105 mm
/2.8 macro lenses and 540 nm long-pass filters. The BBLIF camera was positioned next to the sheet optics
with its axis at an angle of 15 ° relative to the excitation plane, while the PLIF camera was positioned with
its axis at an angle of either 90 © or 70 ° relative to the excitation plane (see Fig. 2). The PLIF camera angle
was varied in order to investigate its effect on the PLIF film-thickness measurement. This resulted in two
separate sets of experiments, referred to as PLIF90 and PLIF70, respectively. The BBLIF camera and the
sheet optics were placed at the same position in both measurement sets.

(a)

Water

FEP pipe
Liquid film
Air

PLIF90 camera

Anti-distortion box

BBLIF camera

(d)
Water
FEP pipe
Liquid film
Air
<= Anti-distortion box
PLIF70 camera
BBLIF camera

Figure 2: Experimental arrangement for: (a) simultaneous PLIF90 and BBLIF, and (b) simultaneous PLIF70

Laser sheet

(b)

Laser sheet

and BBLIF, along with corresponding images of a spatial correction/calibration graticule immersed in the
flooded pipe obtained by using the PLIF (in left of frame) and BBLIF (in right of frame) cameras for each of
the two configurations: (c) PLIF90 and BBLIF, and (d) PLIF70 and BBLIF.

In order to recover the spatial resolution of the two cameras in the axial and radial directions of the flow,
and also to ensure that the same flow region was imaged by the camera pair, a calibration graticule was
inserted in the pipe. The graticule was aligned with the excitation plane and the pipe was flooded with the
working liquid. Images of the graticule taken by the PLIF90 and PLIF70 cameras are shown on the left-hand
side (of the vertical white line) in Fig. 2(c) and 2(d), respectively, while the graticule image collected by the
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BBLIF camera is shown on the right-hand side of both subfigures. The dimensions of each black square
correspond to | mm X 1 mm, and the pitch to 2 mm. The pipe wall is located to the left these frames. The
horizontal line within the square pattern was used to identify the relative location of the imaging window of
each camera. Despite the fact that the fields of view (FOV) of the PLIF and BBLIF cameras did not overlap
completely, the overlap region extended over a sufficiently large portion (~ 90 %) of the resulting images.
The transform used to relate the FOV of each camera was obtained by linear approximation of the
coordinates (in pixels) of several squares in the calibration-graticule images. The physical extent of the
overlapping region was 34.3 mm in the PLIF90 and 31.5 mm in the PLIF70 configurations. The spatial
(pixel) resolution of the PLIF90 camera was 30.6 pm/pixel in both the axial and the radial directions, while
in the case of the PLIF70 camera, the resolution was 26.6 pm/pixel in the axial direction and 28 pm/pixel in
the radial direction of the flow. The spatial resolution of the BBLIF camera was 26.7 um per pixel.

The frame rate of the laser used in this work was limited to 100 Hz. This frame rate is not sufficient for
conducting a fully temporally-resolved study of the examined flows, nevertheless, the instantaneous shape of
the interface was resolved and recovered simultaneously by the two cameras, which sufficed in meeting the
objectives of our present work. For each pair of flow rates (i.e., liquid and gas), a continuous record of 1,000
frames was generated, corresponding to a recording duration of 10 s.

Examples of raw PLIF70 and BBLIF frames are presented in Fig. 3(a) for a flow with Rer = 500 and no
gas shear. When the film surface is smooth, as in these frames, ghost images can also be clearly discerned in
each camera frame. The origin of these artefacts is illustrated in Fig. 3(b). The ghost line marked on the
BBLIF frame is attributed to the emission of fluorescence by the liquid-film on the opposite wall, while
ghost line marked on the PLIF frame originates from a reflection of the fluorescence emitted by the ROIL,
about the interface at the left-hand-side and opposite to the PLIF camera. The main reason for opting for the
15 © offset angle in the case of BBLIF was to avoid overlapping the two signals (i.e., the emission from the
excited region of the flow and that from the opposite side of the pipe). It is also interesting to note that both
ghost images are highly curved due to the waviness of the interface on the opposite side of the pipe. We will
show later on that in the disturbance-wave regime, where the interface is significantly more agitated than in
these images, the ghost images dissipate over larger areas and nearly disappear.
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Figure 3: (a) Example raw BBLIF image and PLIF70 image from a flow with Rer = 520 and Reg = O,
showing the fluorescence signal collected by the BBLIF camera originating from the ROI, the fluorescence
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signal collected by the BBLIF camera originating from the film opposite to the ROI, the fluorescence signal
collected by the PLIF70 camera originating from the ROI, and a reflection of this fluorescence from the gas-
liquid interface at the wall opposite to the PLIF camera. (b) Schematic showing the optical paths that relate
to the appearance of the fluorescence emission and reflections thereof in the PLIF and BBLIF images.

2.3. Brightness-based laser-induced fluorescence (BBLIF)

In the case of BBLIF, the first data-processing step is to identify the centreline of the illuminated area of the
flow (e.g., the leftmost bright line in Fig. 3(a)) and to form a spatiotemporal matrix of raw brightness from the
entire frame record generated in each flow condition. In a second step, each value of local and instantaneous
brightness is then converted into a film-thickness measurement by integrating the Beer-Lambert law, which in
accordance with the procedure described in Alekseenko et al. (2014) leads to the equation:

J(x) = C(0) (1 — e @) (1 + Ke=*"®)) + D(x), (1)

where J(x) is the brightness of the fluorescence registered by a single camera-pixel, C(x) is a compensation
matrix, « is the absorption coefficient of the employed fluorescent dye, K is the reflection coefficient at the air-
water interface, D(x) is the dark level of the camera and h(x) is the local film thickness at axial position x. It is
possible, instead of the single-pixel intensity value at the centreline of the illuminated area, to use the averaged
intensity over a certain spanwise/circumferential region in the BBLIF images, which will act to improve the
single-to-noise ratio, but also to give rise to a loss of resolution in that direction. The choice is available
depending on the details of the application of the technique and the desirable outcomes from the measurement.

Beyond the primary fluorescence emission in response to the original excitation light, Eq. (1) also accounts
for the fraction of the excitation light that is reflected at the gas-liquid interface (free surface) back towards the
wall, thereby re-exciting the dye in the liquid and leading to an additional (secondary) fluorescence emission,
and this is done by assuming that the original and reflected light rays are collinear and fully overlap. In actual
flow measurements this will not be the case, and any off-axis reflections will result in re-excitation of a
different volume of fluid. In the limit that no reflected light crosses the original optical path this leads to an
underestimation of local film thickness of up to 2 % (= K; see below), which is negligible. However, a more
substantial overestimation may result elsewhere in the film due to the local re-excitation caused by the off-axis
reflections, which depending on the interface angle can be as low as a few % but as high as 40 — 50 % where
the interface slope is steep. This is discussed in more detail in Section 3.3.

The reflection coefficient, K, in Eq. (1) is set to a constant value of 0.02, while a depends on the dye
concentration (here, Rhodamine), so its value is usually determined experimentally by measuring the
brightness of the fluorescence emission in two slots of known thickness that are filled with Rhodamine-
seeded water. The obtained brightness values are then inserted into Eq. (1), together with the path lengths,
yielding a system of two equations, which were transformed into a single equation for o, and solved
numerically. For the Rhodamine concentration employed in this work of 8 mg/L, o = 0.25 mm, with an
error associated with this measurement of o estimated at ~ 10 %. The contribution of this error to the film-
thickness measurement error is illustrated in Fig. 4(a), where normalized J(h)/J(h,) values are plotted as a
function of h for values of a = 5 % (dashed) and + 10 % (solid) from the used value of & = 0.25 mm™. When
brightness is recalculated into film thickness, from Eq. (1), the deviation due to the uncertainty in the value
of a results in a film-thickness measurement error, which, as shown in Fig. 4b, increases for thicker films.
For large waves with thicknesses above h = 3 mm, which are of particular interest in these flows, the film-
thickness deviation can be ~ 6 %; the largest waves identified by PLIF in the present work had h > 6 mm, at
which thickness the deviation is = 18 %. Furthermore, it should be noted in relation to Fig. 4 that as expected
from any such absorption method, the measurement sensitivity decreases at progressively thicker films and
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ultimately leads to signal saturation. This requires attention at the experimental design stage in selecting the
appropriate sensitivity and dynamic range of the measurement depending on what is of interest.
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Figure 4: (a) Normalized (by the reference film-thickness) brightness, as a function of the film height hrea for
different values of the absorption coefficient a. (b) Corresponding ratio of film thickness measured by BBLIF
with erroneous « to the real film thickness. In both plots, & = 0.25 mm (black), + 5 % (dashed) and 10 % (solid).

The compensation matrix C(x) is used to relate the measured brightness on the imaging frame to the
corresponding local film thickness, and also to compensate for the non-uniform energy distribution along the
laser sheet, and the spatially non-uniform response of the camera sensor. In order to obtain C(x), an in situ
reference signal is required, such as the time-averaged brightness, (J,(x)), emitted by a liquid layer of known
thickness hg, from which C(x) can be obtained from:

(Jo(x)) — D(x)
(1 — e~%ho)(1 4+ Ke~*Mo)

Clx) = (2)

Previously (e.g., in Alekseenko et al. 2013, Alekseenko et al. 2014), this reference signal was obtained by
setting up a falling-film flow with zero gas velocity and low Re, (i.e., Re.~ 20 — 40). The main advantage of
this method is that hy can be approximated as being equal to the Nusselt film thickness (Nusselt, 1916) since the
film waviness is suppressed and the interface is relatively flat with little three-dimensionality. Here, it was
impossible to obtain such a flow as FEP (i.e., the pipe material) is highly hydrophobic and falling liquid films
broke into rivulets for Re. < 100. The thinnest continuous film flow that could be obtained without dewetting
was for Re. = 40 at the highest Reg = 85,100; a condition that could be used for calibration based on the
average film-thickness reported by Alekseenko et al. (2013), ho ~ 0.12 mm. A second option was to use the
average film-thickness from a falling-film flow with Re. = 140 (and Reg = 0), assuming that the Nusselt
formula still provides a reasonable prediction of ho (in this case, ho = 0.33 mm). It should be noted that although
the liquid temperature increased for these conditions as we noted earlier (i.e., T = 27 °C in this case), the
emission of Rhodamine 6G is nearly insensitive to temperature variations, and thus, a reference signal obtained
at a different temperature can be used without introducing significant bias error. Both methods were used to
recover film-thickness data from annular flows, but the second method was selected for further processing, as
the weaker reference signal that was obtained using the first method was more susceptive to camera noise.
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Particular attention must also be paid to the correction associated with the dark level of the camera, D(x),
which increases over time. For this reason, the collection of dark-level measurements throughout the duration
of the experiments is advised. Overall, the systematic error arising from the aforementioned dependencies of
J(X) in the absence of optical distortions related to any interfacial slopes is estimated at =~ 5 %. Random errors
also arise due a multitude of factors, including the camera noise, the pulse-to-pulse variation of the laser power,
and any drift in the laser power. The total random error for the present BBLIF experiments is estimated at
10 %. One of the reasons for this is the low dynamic range of the camera, which corresponds to 8 bits. Using a
12-bit camera, instead, helps reduce this error (see the estimates given in Alekseenko et al. 2014).

Finally, the maximum film thickness measurable by BBLIF is subject to limitations stemming from the
geometrical configuration of the excitation and collection optics. In more detail, the transverse cross-section of
the illuminated liquid volume can be approximated as a rectangle with height equal to the instantaneous local
film thickness, h, and width equal to the sheet thickness, W. In our experiments, the thickness of the laser sheet
was set to a relatively low value (W = 0.5 mm) in order to improve the spatial resolution of the measurements in
the tangential direction of the flow. Given a viewing angle of 15 ° for the BBLIF camera, the maximum film
thickness that can be measured using this particular configuration is equal to W/tan(15°), which corresponds to
approximately 2 mm. Any further increase in the film thickness will not contribute to the collected brightness,
whose intensity will appear to saturate, resulting in an underestimation of the film thickness. This error can be
suppressed by employment of a thicker laser sheet, at the expense of increased spatial averaging along the
circumferential direction of the flow, or a 3-D BBLIF-configuration as used by Alekseenko et al. (2012) and
Cherdantsev et al. (2014). However, the reflection errors at the complex 3-D interface and their influence on the
total emission that were discussed above will also be exacerbated in this case.

2.4 Planar laser-induced fluorescence (PLIF)

PLIF film-thickness measurements are based on the identification of the two liquid boundaries, the solid-
liquid interface, which coincides with the pipe wall, and the gas-liquid interface. In this study, the location of
the solid-liquid interface was obtained from calibration-graticule images such as the ones shown in Fig. 2(c)
and 2(d). In generating these images, a graticule was inserted into the pipe and aligned with the excitation
plane, the pipe was flooded with the working liquid, and the location of the pipe wall was then assumed to
coincide with the end of the printed regular-square pattern on the graticule. As an alternative to this
approach, the solid-liquid interface can be identified from the intensity profiles in PLIF images obtained
either with the pipe flooded, or directly during the experimental runs. This approach was employed, for
example, by Charogiannis et al. (2015) and Charogiannis et al. (2017) in their study of the hydrodynamic
characteristics of planar falling films by simultaneous application of PLIF and PTV, in order to ensure that
any misalignment between the graticule and the excitation plane, or between the square pattern and the
component it is attached to (i.e., substrate or channel wall) does not induce a systematic error in the location
of the solid-liquid boundary. In the present experiments, the identification of the solid-liquid interface by
employment of this approach was not robust, with images from different flow regimes resulting in different
wall positions despite the use of the same identification criteria. Therefore, the first approach was selected. It
is noted that an incorrect identification of the wall location can result in a corresponding systematic error in
the measurement of film thickness, which is higher for thin films; for example, a 1 — 2 pixel offset in the
current optical arrangement correspond to = 25 — 50 um, or a = 5 — 10 % relative error locally in a film with
a thickness of =~ 500 pm. This can be overcome by zooming into the film and increasing the spatial resolution
of the measurement, however, this sacrifices the extent of the captured ROI in the flow direction.

The location of the gas-liquid interface in previous studies was identified by using a fluorescence-
intensity threshold (Schubring et al. 2010; Farias et al. 2012; Zadrazil et al. 2014; Kokomoor and Schubring
2014), or based on the local gradient of the fluorescence intensity profile (Charogiannis et al. 2015; Markides
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et al. 2016; Charogiannis et al. 2017). The second method may be less suitable for highly-agitated films due
to the presence of multiple false interfaces, and therefore, a threshold approach was preferred in this study
with the signal gradient only used as an auxiliary criterion. The selection of an appropriate threshold is
challenging, as the excitation energy (and, thus, intensity on the resulting frames) varies along the imaged
domain, as well as over time due to the pulse-to-pulse variation of the laser power and any long-term energy
drift. In addition, Schubring et al. (2010) reported that thicker film regions glow brighter compared to thinner
regions, likely due to the enlarged illuminated liquid volume in the azimuthal direction caused by scattering
of the laser light by the optical section, and also the brightness of the emitted fluorescence will be affected
locally by the presence of bubbles or steep slopes at the interface, the pipe wall and the film interface. The
combination of these factors suggests that a reliable threshold selection method should involve locally and
instantaneously (pixel-by-pixel and frame-by-frame) adjusted threshold values that can account for the
specific characteristics of the flows under observation, however, this was not attempted in the present work
as it was decided to investigate the effectiveness of PLIF in the absence of such processing complexity.

In previous studies, different methods were employed to address the aforementioned challenges. Zadrazil
et al. (2014), employed auxiliary manual identification of the interface in order to adjust the intensity threshold
along the excitation plane as suggested above, while Schubring et al. (2010) and Farias et al. (2012) “stretched’
the brightness distribution of the obtained images at every x between the maximum and minimum levels. In the
present work, the threshold intensity for each combination of ¢ and x (i.e., for every image and location along
the image, or image column) was set to the arithmetic average of the maximum and minimum brightness in that
column of image J(x,y). The raw PLIF images (see, e.g., Fig. 5(a)) were then binarized using this threshold and
closed morphologically to dampen the effect of random noise. The edges in the binarized images (Fig. 5(b))
were marked and concatenated into lines consisting of dots connected to each other.
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Figure 5: Examples of gas-liquid interface identification using PLIF data: (a) Raw PLIF70 image from a
flow with Rer= 520, Rec = 0, (b) binarized version of (a), (¢) processed version of (a), (d) processed PLIF70
image from a flow with Rer = 1,330, Reg = 43,700. The red lines show the edges of the binarized and
morphologically closed PLIF interfaces, and the green lines the final selected interface locations.

Another challenge associated with the processing of PLIF image relates to the observation of out-of-plane
features. Schubring et al. (2010) and Zadrazil et al. (2014) suggested that some of these features maybe
associated with droplet entrainment, however, they may also stem from ghost images (see Fig. 3(a)) or from
fluorescent light emitted by film regions outside the excitation plane. To identify such artefacts in the PLIF

13



Manuscript submitted to IJMF Cherdantsev, An, Charogiannis and Markides

images and discard them from the film-thickness measurements, Schubring et al. (2010) employed a smooth-
interface criterion, alongside manual identification and removal of outliers (Kokomoor and Schubring 2014).

In the present work, the border lines corresponding to the gas-liquid interface in each binarized image
were identified using a processing algorithm in which, firstly, for each column along the binarized image, the
signs of the local brightness-gradients, J(y+1)— J(y—1), were obtained. Border lines were then identified at the y-
coordinates where the sign changed. The objective of this step was to obtain a linear array of interface
coordinates, Y(x). The lines were then sorted according to the sum of the signs of the gradients along their
length. At this stage, the discarding process was initialized, starting with the longest lines with the most stable
negative sign; if an image-column (i.e., one x-coordinate along the PLIF frame) had more than one y-coordinate
assigned to it, the lowest y-coordinate (i.e., the one closer to the wall) was selected as the gas-liquid interface
location for that value of x. If for a sub-range of x values belonging to a border line, ¥(x) was already obtained
during the previous steps, the new y(x) were compared to those already assigned to the interface location, and
the larger values were discarded. This process allowed us to eliminate most out-of-plane features. If the whole
range of x belonging to a line was already written in Y(x), the new line was discarded completely. This step
allowed us to remove any lines corresponding to the borders around bubbles entrapped in the liquid film. The
processing routine was terminated when the sum of the signs of a line reached a positive value.

In order to assess the validity of our algorithm, auxiliary images were created with the identified liquid
boundaries superimposed over raw PLIF frames. Examples of such images are presented in Fig. 5 for different
flow conditions, with the red lines marking the interfaces found using the edge-detection technique described
above, and the green lines showing the final Y(x) values. Based on visual inspection of a large number of
images spanning a wide range of flow conditions and film topologies, good agreement was observed between
the identified interfaces and the visible borders of the illuminated regions of the flow. In smooth films (see, e.g.,
Fig. 5(c)), the algorithm is effective in removing any structures resembling ‘overturning waves’, which are non-
physical in these flows. In rougher films (see, for example, Fig. 5(d)), the algorithm discards most out-of-plane
features, and most of the time, any bubbles entrained within the liquid film.

Larger uncertainties, mainly in the PLIF90 measurement, were observed when the film thickness was
very small (typically below 150 — 200 pum), as the signal from the film occupied smaller regions of the
resulting images, and the brightness across the image was reduced locally to levels closer to the background
signal level. For PLIF70, this occurred rarely and primarily when a bubble occupied almost the entire film
thickness (i.e., when it extended between the wall and the free surface); for PLIF90, in contrast, this occurred
more frequently and even in films that did not contain bubbles, resulting in the appearance of ‘dry spots’
which were not observed with PLIF70. To address this issue during the processing of the PLIF90 images, a
threshold was used when low PLIF90 to BBLIF film-thickness ratios were observed. When the peak
brightness fell below this adjusted threshold, the corresponding PLIF90 data were not processed further, and
the film thickness was set to 150 um. In standalone PLIF applications this limitation can be overcome by
employing a higher dye concentration or laser intensity, and/or a thicker laser sheet, while it would also be
necessary to consider zooming closer to the film and increasing the spatial resolution of the measurement.

3. Qualitative observations and comparisons
3.1. Flow regimes

A regime map of downward annular flows was first presented by Webb and Hewitt (1975), who identified
four main wave patterns in these flows: ripples, dual waves, thick ripples and regular disturbance waves. The
transition from the dual-wave to the disturbance-wave regime is the most pertinent and the most prominent
across the range of flow conditions we have examined in the present work. Webb and Hewitt (1975)
identified this transition from the shape of the temporal spectra they generated from film thickness records,
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while Alekseenko et al. (2015b) used spatiotemporal film-thickness data instead. In the present set of
experiments, a distinction between regular disturbance-waves and the other flow regimes is made based on
qualitative observations of the film surface using both PLIF and BBLIF images (i.e., similar to Zadrazil et al.
2014), as well as by tracking the film roughness over the examined range of liquid and gas flow rates. A
particular consequence of strong agitation, which signifies the transition from the dual-wave to the
disturbance-wave regime, is the entrapment of bubbles in the liquid film, which is most prominent for the
largest waves. This is demonstrated in Fig. 6, where raw PLIF70 and BBLIF images are presented for flows
with Rer= 300 for Reg = 34,900, 43,700 and 52,400. In each subfigure, the frame on the left corresponds to a
raw BBLIF image, while that on the right shows a raw PLIF70 image.
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Figure 6: Raw PLIF70 and BBLIF images of waves in flows with Rer = 300 and: (a) Reg = 34,900,
(b) Rec = 43,700 and (c) Reg = 52,400. In each subfigure, the frame on the left shows a raw BBLIF image,
and the frame on the right shows a raw PLIF70 image. The blue lines indicate the wall location.

The regime map obtained from the present experiments is superimposed over that proposed by Webb and
Hewitt (1975) in Fig. 7. In general, two major types of interfacial wave behaviours are identified over the
range of investigated flow conditions in the present experiments, signified by either filled or empty circles in
Fig. 7. The filled circles represent flow regimes that feature the appearance of disturbance waves, i.e., large and
fast-moving waves with highly agitated surfaces, strong interfacial complexity, and the frequent entrapment of
bubbles in the liquid films and entrainment of liquid in the gas flow. The empty circles represent regimes
where large waves also appear, but are relatively smoother with a smaller degree of dimensionality. One further
intermediary regime is also observed. In the points marked by crosses in Fig. 7 the mean film thickness is
higher and the film thickness distributions are narrower and nearly symmetrical around the average. This
observation fits the description of the ‘thick-ripple’ regime introduced by Webb and Hewitt (1975) and also
discussed by Zadrazil et al. (2014). Finally, a few transitional flow cases are marked by half-filled circles. The
two maps are in qualitative agreement, however, the transition from dual-wave to regular disturbance-wave
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regime appears in our case to be slightly shifted towards lower liquid and gas flow rates. This discrepancy may
be attributed to the different criteria used to identify the transition, and also to the smaller pipe diameter used in
our experiments (32.4 mm compared to 38.2-mm ID). The second argument is further supported by the findings
of Alekseenko et al. (2015b), who observed the same transition at even lower flow rates ina 15-mm ID pipe.
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Figure 7: Downward annular flow wave-regime map. The black lines indicate the wave-pattern transitions
proposed by Webb and Hewitt (1975) based on their measurements in a 38.2-mm pipe, and the red line
indicates the transition reported by Alekseenko et al. (2015b) in a 15-mm pipe.

3.2. Smooth films

In Fig. 8, we present comparisons between local and instantaneous PLIF90, PLIF70 and BBLIF film-
thickness measurements from a falling film with Rer = 140 and no gas shear. Close inspection of these
frames reveals that, generally, in these flows which are characterised mainly by smooth and relatively flat
films, the instantaneous film-thickness profiles obtained by BBLIF lie lower than those obtained by PLIF.
This discrepancy between the PLIF and BBLIF measurements appears more pronounced for PLIF70 than
PLIF90. In contrast, a case of the front of a wave is shown in Fig. 8(a) where the film appears thicker in the
BBLIF measurement than in the corresponding PLIF90 measurement.

A prominent feature that can be observed in both PLIF frames is a distinct bright line (in some cases
dark line) inside the fluorescing region of the flow, which was also apparent in some of the earlier PLIF data
presented by Zadrazil et al. (2014). Interestingly, the location of this line coincides with the location of the
gas-liquid interface that is recovered by BBLIF, which suggests that this intensity feature does indeed mark
the true gas-liquid interface location. Further evidence in support of this view is the observation (on
occasion) of bubble reflections about such bright lines, as well as the interruption of thin darker lines visible
in the raw PLIF images when they cross these lines. Such darker lines are most likely shadows cast by tiny
non-uniformities of the pipe wall or inside the optical box. The observation of a fluorescing liquid-volume
above the bright lines is most likely related to the mirror effect due to TIR that was described theoretically by
Héber et al. (2015). According to their model, the fluorescence emitted by the illuminated region of the flow
travels in all directions, with part of it collected directly by the camera creating the real image of the film,
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and part of it undergoing TIR at the gas-liquid interface between the excitation plane and the camera, thus
creating a false (second) image of the film above the true image.
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Figure 8: Gas-liquid interfaces identified by PLIF and BBLIF in smooth and flat film regions in a flow with
Rer = 300 and Reg = 0: (a) PLIF90, and (b) PLIF70. In each subfigure, the frame on the left shows a raw
BBLIF image, and the frame on the right shows a raw PLIF image with superimposed gas-liquid interfaces
recovered from PLIF (green) and BBLIF (red). The blue lines indicate the wall location.

A pronounced difference between our experimental observations and the predictions of Haber et al. (2015)
relates to the shape of the PLIF intensity profiles through the liquid film in the wall-normal direction, y.
Example profiles from our PLIF measurements are shown in Fig. 9, which demonstrate that instead of the
‘ramp profile’ predicted in Héber et al. (2015), we in some cases observe a local intensity peak or trough,
possibly owing to the circumferential slope of the interface, even when no distinct feature is observed inside the
liquid film in the images. As mentioned above, the location of this peak or trough in these smooth and flat film
regions agrees with the location of the gas-liquid interface obtained from BBLIF, which indicates that this
identifies correctly the true gas-liquid interface, as do other features such as bubble reflections and the
interruption of shadows from the wall. Even in the present measurements, the local intensity peak/trough, along
with the aforementioned features such as bubble reflections, etc., can be used to generate accurate statistics of
the film thickness from selected locations and instances where they are observed, however, this is not pursued
further in order to focus on conventional applications of the PLIF technique.

17



Manuscript submitted to IJMF Cherdantsev, An, Charogiannis and Markides

(@) _, 8 18
— =i = [
o L = = 1 =
= oyl 1= 1 2
= 1k &t 1 1.5
- = -l ] 1 "
= = o 1 2
= ] 1=
= 1 1 [ I
5 sofF | ! !

R ]
P I
& ! B 1
= i H h
=) & ! I —'\\
= I I i
-~ 1 i 1
- i i ]
U 1 " 1 L L i 1 e 1 b 1 |
02 0 02 04 06 03 | 1.2 14
(b) ¥, mm
40r — P 8 B
BT | & | =
120 | =] B
= L) [ 1
| 2 = =
= | £ 1 =
100 ! = B
s |'_}1
3 I 1 | =
| y B
| |

50

[iti}

40

Brightness (camera units)

!
I
!
I
I
. . i
02 0 02 04 006 08 1 1.2 14

) ¥, mim

—_—
e

Pipe wall

False interface

Brightness (camera units)
rz]
=

02 0 02 04 06 08 I 1.2 14
Y. mm

Figure 9: Examples of wall-normal fluorescence-intensity profiles recovered from smooth-film regions in
PLIF70 images, showing the location of the apparent gas-liquid interface. The true interface is observed as:
(a) a peak in the profile, or (b) as a trough in the profile, or (c) cannot be observed at all.

It is expected that in the case of raw PLIF70 images, the false interface will be found further away from
the true interface, which suggests that the true extent of the film will be overestimated more than in the case
of PLIF90 if left uncorrected. In order to investigate the effect of the observation angle on raw PLIF images,
we performed ray-tracing calculations for non-wavy films (i.e., similar to those performed by Héber et al.,
2015). The geometry of our model system is presented in Fig. 10(a) for PLIF90 and Fig. 10(b) for PLIF70.
The ray forming the upper border of the false film image is emitted at Point A, which is adjacent to the wall,
and is reflected at the interface at Point B, along the camera axis and at right angles to the imaging plane.
Furthermore, Line ¢ represents the perpendicular distance from Point B to Line OA, which corresponds to
the wall normal at the measurement/illumination plane, and d the distance from the interface to the end of
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Line ¢, which in PLIF90 also coincides with the thickness of the false image of the film, and effectively
corresponds to the overestimation of the true film-thickness, h.
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Figure 10: Estimation of the location of the false interface recovered by ray-tracing for: (a) PLIF90, and (b)
PLIF70 (6 = 20 °). (¢) Overestimation of the film thickness by PLIF as a function of the film thickness for
PLIF70 and PLIF90, based on 2R = D = 32.4 mm. (d) Interface incidence angle, o+y, for PLIF90 and PLIF70
as a function of the true film thickness.

For PLIF90, the spatial extent of the total film image, h + d, is obtained from the system of equations:

B=a+y; B+a=n; c=dRR -h) —d); tan(a) =

2 3)

C c
R_h—a W =553
where R is the inner radius of the pipe, h is the true thickness of the uniform film, d is the thickness of the
false film image, « is the angle AOB and y is the angle OAB, as shown in Fig. 10(a). The interfacial angle of
incidence is equal to a + y, which is also equal to the angle of reflection, g. This system can be reduced into a
single equation which is solved numerically to obtain d at a given h (and for a known R):

- (\/d(Z(R —h) - d)) _ % ~ %tan_l (Jd(Z(R —h) - d))

R—h—-d h+d )

The overestimation of the true film-thickness can then be expressed as the ratio of the apparent to the
true film-thickness, Aapp/fireal, Which corresponds to (A+d)/h and is plotted in Fig. 10(c) as a function of #,
which matches the analytical approximation by Héber et al. (2015) shown as a continuous red line.
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When PLIF is instead implemented with the angle between the camera axis and the excitation plane
being < 90 °, i.e.,, 8 > 0 °, the ratio Aapp/hirea is equal to (h +d +\/d(2(R —h) — d)tan(6))/h. The
geometry of this system is described in Fig. 10(b), and Eq. (3) is rewritten as:

C

ﬁ=a+y;ﬁ+a+6=g;c=\/d(2(R—h)—d);tan(a)=R_Cﬂ;tan(y)=h+d (5)
and Eq. (4) becomes:
L (VACR-N -\ m 1 (Jd2R-h)-d)\ 6
tanl( R—h—d _Z_Eta“1< h+d )‘E ©)

In the case of 8 = 20 ° in Fig. 10(c), it can be seen that the overestimation of the film thickness by
PLIF70 is indeed greater than that of PLIF90, as expected. Very thin films, e.g., with 2 < 0.5 mm, are
overestimated by > 80 %, whereas thick films, e.g., with 42 > 4 mm, are overestimated by <40 %.

In Fig. 10(d), we also plot the interface incidence angle, a+y, as a function of the film thickness from the
same set of equations. For both PLIF70 and PLIF90, this angle is always greater than the angle of TIR for the
range of examined film thicknesses. Nevertheless, our calculations show that this angle decreases with
increasing # and eventually becomes lower than the TIR angle; if @ > 45 ° is used, the incidence angle will be
lower than this critical value for nearly the entire film-thickness range of interest to us thereby avoiding the
appearance of the false interface, although at the cost of a reduced spatial resolution. The planar falling-film
investigations of Charogiannis et al. (2015; 2017) employed 6 = 52 — 56 °, which resulted in the appearance
of a false image of the film, however, the brightness of the false image was much weaker than that of a real
image making their distinction relatively straightforward. This is of interest, as it suggests that the false
interface need not be avoided altogether, and that it may be enough to increase € up to a point (beyond the
20 © tested in the present work in PLIF70) where the emission intensity of the false film image is clearly
discernible from that of the true film and warrants further investigation.

3.3 Interface gradients and total internal reflection

The local brightness of the emitted fluorescence in BBLIF is directly proportional to the total (integrated)
excitation energy, which has a contribution from both the (primary) incident laser light transmitted from the
wall into the fluid, and from the (secondary) light reflected at the interface back towards the wall, as
mentioned earlier in Section 2.3. BBLIF is known to be sensitive to reflections, the extreme case of which is
TIR of the excitation light at steeper interface slopes. TIR in our flows is expected to occur when the angle
between the transmitted light and the normal to the interface overcomes 48.5 °, however, the reflection
contribution increases gradually from smaller angles, which impacts the BBLIF measurement.

In more detail, we consider here how the actual value of the reflection coefficient, K, can differ from the
assumed constant value used in Eq. (1), for the simple case of collinear light paths. In general, K depends on
the refractive indices of air (na = 1) and water (nw = 1.334), the angle 6; between the incident laser light and
the normal to the interface, which is related to the interface slope (N.B.: here, we assume that the angle does
not change the light path), and the angle of refraction 6. This dependence is described by the Fresnel
equations, and for un-polarized light (in this case, the fluorescence emission) is given by:

1[/nycos; — nacosfp\? My cosby — nycoshi) n 2
K=< ( w i a t) n ( w t a l) . cosh, = |1— (_W Sin91> 7)
2 |\ny,cos8; + n,cosb, Ny, €0sf; + n,c0s6; Ny

Since the interface slope is unknown, K in Eg. (1) is set to a constant value of 0.02, which corresponds
to a flat film with 6; = 0. When the slope of the interface is shallow, the real reflection coefficient, K, is in
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fact approximately equal to 0.02, which is also the value imposed on this parameter, and the measurement
error will be mainly determined by the camera noise, the non-uniform sensitivity of the sensor and the pulse-
to-pulse variation of the laser, and is estimated at up to 10 % in the present BBLIF experiments. In this case,
the contribution from any reflected light is small, and also taken into account explicitly in Eq. (1), which is
expected to make BBLIF a reliable technique for the measurement of smooth and (near-)flat films. However,
when the slope is steep, the contributions from reflected light are larger and not accounted for.

In Fig. 11(a), we plot K as a function of 8; and observe that, indeed, when the film is flat, K = 0.02 over a
wide range of #i. On the other hand, the actual value of K experienced in a flow starts to increase appreciably
relative to this constant value as the interface slope increases to values in excess of 6 = 30 — 35 ° and
approaching &; = 48.5 °, which corresponds to the angle of TIR, resulting in progressively larger measurement
errors. Specifically, K attains values of 0.025 at #; = 30 °, 0.06 at 40 °, 0.15 at 45 ° and 0.50 at 48 °. Fig. 11(b)
shows an estimation of the effect exerted on the BBLIF measurements by the additional illumination due to
increased K, which is not taken into account by Eq. (1). Specifically, average film thickness overestimates of
around 5 % at ¢ = 40 °, 10 — 15 % at #; = 45 ° and 40 — 50 % at ¢; = 48 ° are expected, which also depend on
the local film thickness. Beyond 48.5 °, the light undergoes TIR and the contribution of the reflected/secondary
emission becomes comparable to, or even exceeds if the reflected light is focused locally by the curved
interface, the primary emission from the transmitted light. Due to the nonlinear relation between the emitted
brightness and the film thickness, this may result in considerable overestimations of the film-thickness.

1= 2
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Figure 11: (2) Reflection coefficient at the air-water interface K, plotted as a function of the incidence angle
6; of the excitation light. (b) Estimation of the effect of K on the BBLIF measurement.

On this basis, in flow regions where the slope of the interface is small, we expect BBLIF to be a reliable
technique for film-thickness measurements, whereas in rough wave regions with large interfacial slopes or
multiple interfaces, either at the free-surface or internally due to entrainment of gas inside the liquid film,
which are expected when measuring complex or agitated interfacial film flows, BBLIF is expected to yield
errors in the film-thickness measurements due to this effect. The observation of interface gradients that
trigger significant measurement errors is rare in smooth and flat films, e.g., falling films at low Rer, as well
as along the base film in rougher film-regimes, which is typically populated by relatively low-amplitude,
slow-moving ripples. With increasing liquid and gas flow rates, however, the probability of encountering
waves with steeper slopes increases, as does the occurrence of TIR. Examples of such waves are shown in
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the BBLIF images of Fig. 12, which show bright streaks stretching along the tangential direction of the flow
appearing at the sloping regions between the crests and troughs of 3-D, high-amplitude waves. These
intensity peaks render the direct identification of the true interface impossible.

We should also note in Fig. 12 that in the proximity of these steep film regions, the location of the
interface identified by PLIF70 often appears close to the bright line observed directly in the raw PLIF
images, in contrast with the prediction of Eq. (9). Thus, in smooth flows with occasional large waves, /s is
lower than sp when the interface slope is low (as discussed in the previous section), and /gg exceeds /hp
substantially when the interface slope is high. In between those two regions, the two coincide near the edges
of the peaks in the BBLIF measurements that signal the onset of steeper interface-slopes. In smooth films,
any regions where the TIR angle is exceeded (in the BBLIF measurements) can be identified based on the
high local gradients in /gg(x), and often be accounted for. When, however, the interface is agitated, for
example at higher Rec and Rer, as well as in the presence of bubbles, the observation of steep slopes is
commonplace and the identification of film regions that are plagued by TIR becomes very challenging.

Z,mm y,mm Z, mm y, mm
(b) -1 0 101 2 3 4

(a) 40 |u1 2

X, mm
X, mm

Figure 12: Erroneous BBLIF measurements at wave fronts in flows with: (a) ReL = 140 and Reg = 69,900,
and (b) ReL =300, Reg =43,700. The coloured lines are explained in Fig. 8.

We now proceed to discuss the effect of the transverse curvature of the film on the two measurement
methods. Earlier we mentioned that PLIF (especially PLIF90) sometimes shows lower film-thickness values
compared to BBLIF in smooth and flat films where the latter can be considered reliable. We hypothesise here
that this observation may be linked to the longitudinal but also transverse slopes of the interface, and by
extension to the three-dimensionality of the wavy films. Waves with significant 3-D features and negative
transverse curvature are often encountered in falling films (see, for example, Kharlamov et al., 2015, who
described horseshoe and streak waves), while the ripples in gas-sheared films, as well as the disturbance waves
themselves, are also highly three-dimensional (see, for example, Cherdantsev et al., 2014). This curvature is
expected to affect both measurement techniques but in different ways as illustrated in Fig. 13, which shows an
interface encountered between the PLIF90 camera and excitation plane, and an interface at the BBLIF
measurement location that is at an angle to the excitation plane.
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(a)

Laser sheet Laser sheet

Figure 13: Schematic showing the effect of transverse film slope on the film-thickness measurement: (a) in
PLIF90, and (b) in BBLIF.

In Fig. 13(a), only the image of the film between the wall and Ray 2 appear in the PLIF90 image,
leading to an underestimation of film thickness; the region above Ray 2 will be hidden to the camera owing
to either refraction (if the slope is very steep) or TIR (at lower slopes) at the liquid-gas interface. It should be
noted that PLIF70 is expected to be less sensitive to this type of distortion than PLIF90, since the transverse
slope of the interface will rarely attain large enough angles to hide the true interface, and thus in the majority
of cases, the entire illuminated section of the flow will be visible. Nonetheless, on top of disturbance waves,
fast ripples and especially liquid bags/ligaments may display higher transverse slopes, which may also affect
the PLIF70 measurement at these locations.

In Fig. 13(b), the transverse slope leads to an increased incidence angle at the interface, which was
previously associated with an overestimation of film thickness by BBLIF, and off-axis reflections that excite a
different fluid volume, not in accordance with Eq. (1) which is subject to the assumption that the original and
reflected excitation light rays are collinear and overlapping through the same fluid volume. These effects are
expected to lead to local overestimations of film thickness due to the reflected light, which can be significant,
as well as spatial averaging and reduced spatial resolution. The above hypotheses will be re-examined later on
based on direct comparisons between film-thickness measurements generated by the two LIF approaches.

3.4. Detection of bubbles

The aeration of liquid films (i.e., presence of bubbles inside the films) is common in annular flows and
would be expected to affect strongly the heat and mass transfer, shear stress/pressure drop, and (if relevant)
chemical reaction rates in relevant multiphase systems, yet the relevant flow-regimes have not been
investigated in great detail. Some noteworthy efforts include the study of Rodriguez and Shedd (2004) who
used backlit imaging to obtain bubble-size distributions inside the substrate-film layer between disturbance
waves, and the study by Zadrazil et al. (2014) who used PLIF to measure both the size and frequency of the
bubbles. Finally, Cherdantsev et al. (2017) investigated the bubbles generated during droplet-impact events
onto a gas-sheared liquid film using 3-D BBLIF.

In this section, we present and analyze a sample PLIF and BBLIF image pair that contains bubbles (Fig.
14a), in order to assess the reliability of bubble detection by the two techniques, and to examine the effect
that their presence has on the local film-thickness measurement. Based on visual inspection of the two
frames, the majority of the bubbles that appear in the PLIF frame are not located within the excitation plane.
For example, the bubbles marked (1) are located between the excitation plane and the PLIF camera, whilst
the bubbles marked (2) are located behind the excitation plane; only the bubbles marked (3) are located
inside the excited region of the flow. Additional bubble images can be detected in the PLIF frame above the
gas-liquid interface (red trace as identified by BBLIF). Provided that the latter is indeed the true interface in
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this smooth interface region, these bubble images appear due to the mirror effect. Therefore, raw counting of
bubbles on PLIF images will lead to an overestimate.

Despite this deficit, PLIF can still be used to conduct bubble-frequency measurements, provided that a
thorough analysis of the brightness distribution within each bubble is performed. In particular, we observe that
any bubbles located inside the excitation plane cause a pronounced reduction in the local fluorescence intensity,
while any bubbles located behind the excitation plane mainly become visible because they reflect the
fluorescence emitted by the illuminated liquid volume (see, e.g., Fig. 14b, Bubble 2). The brightness at the
centres of the images of such bubbles is of roughly the same brightness as the rest of the fluorescing film-
region, however, the edges of the bubbles glow brighter as they reflect light from large portions of the
fluorescing liquid-volume. Any bubbles that are located between the laser sheet and the camera become visible
due to both the passing and reflected fluorescent light (see, e.g., Fig. 14(b), Bubble 1). The reflected light is
mostly visible along the edges of the bubbles in the axial direction of the flow, while the passing light creates an
ellipsoid-shaped bright spot bound by darker regions at the upper and lower borders of the bubbles. These
regions appear due to TIR of the transmitted light (see, e.g., Ray a in Fig. 14(c)). Alternatively, two or more
PLIF cameras, on either side of the illumination plane or otherwise, can be used to identify common bubbles.

. zymm  y,mm
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Figure 14: (a) Raw PLIF70 and BBLIF images of a film region containing bubbles from a flow with Rer =
300 and Reg = 43,700. The numbers represent bubbles located: (1) in front of the laser sheet, (2) behind the
laser sheet, and (3) inside the laser sheet. (b, ¢) Ray tracing illustrations for the first two situations. The
coloured lines in (a) are explained in Fig. 8.

In the BBLIF images, bubbles appear as thin, bright rings (see, e.g., the left frame of Fig. 14a). The centres
of the bubbles are darker than the surrounding film as the bubbles do not contain any fluorescent marker, while
the bright rims are attributed to TIR of the excitation light at the bubble edges. In the PLIF frame, the location
of the BBLIF gas-liquid interface (shown as a red trace) can be directly compared to the location of the bubbles
that are found inside the excitation plane (i.e., those marked (3)). The upper bubble is located in the middle of
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the laser sheet (across the excitation plane) and thus, if we neglect the curvature of the various interfaces, the
local BBLIF measurement, /gg, corresponds to the ‘residual’ thickness of the film, that is, to the total thickness
of two liquid-layers above and below the bubble. In the PLIF frame, the BBLIF measurement lies slightly
above the bottom of the bubble, which is due to the thickness of the liquid layer above the bubble. The lower
bubble is located at a slightly offset relative to the centre of the laser sheet (again across the excitation plane),
and thus, the trough in the /gg measurement is smaller as a larger liquid volume is integrated. If only the border
of the bubble was located inside the sheet, then the bubble would yield a local peak instead of a trough in the
hes measurement, in the same manner as the borders of the first bubble yield erroneously large /gg values at its
upper and lower edges. Finally, as neither 2-D, nor 3-D BBLIF provide direct measurements of the thickness of
the film surrounding the bubbles or the size of the bubbles in the y-direction, the only way to estimate these
quantities is by interpolating the film thickness from outside the bubbles. PLIF, instead, can recover such
measurements since the excited film-region is visualized directly, provided that the mirror effect is suppressed
and there are no bubbles in the line-of-sight of the camera blocking the location of the true gas-interface. As
above, two or more PLIF cameras, e.g., on either side of the illumination plane or otherwise, can be used to
assist with identifying in- and out-of-plane bubbles.

3.5. Rough films

At the rough surface of disturbance waves we encounter all optical effects that were discussed in the
previous sections as inducing errors in the film-thickness measurements. These effects include the
overestimation of the film thickness by PLIF due to the mirror effect when the films are smooth and loss of
signal in thin/near-wall film regions, the overestimation of the film thickness and loss of resolution or signal
by BBLIF due to reflections when the film slopes are steep or when the films are thick, and the
underestimation or loss of resolution of the film thickness by both techniques due to the 3-D shape of the
waves. Additional effects include the presence of multiple bubbles and entrainment of liquid in the gas phase
if this comes into contact or in proximity to the interface.

In the absence of bubbles, the steep slopes that affect the BBLIF measurement are mostly observed in
the presence of fast ripples that ride the disturbance waves, as well as over the disturbance waves or other
large-amplitude waves themselves. In the images presented by Cherdantsev et al. (2014), the entire
horseshoe-shaped fronts of the fast ripples show non-physical high amplitudes; such slopes may be present
not only along the centres of the fronts of fast, 3-D ripples but also at the edges of the horseshoe wave fronts,
and result in the appearance of erroneous longitudinally-oriented peaks in the film-thickness. As the
circumferential span of the fast ripples typically varies in the range 5 — 10 mm, the probability also exists of
the side slope of a fast ripple being found between the excitation plane and the camera, resulting in the
disappearance of the ripple from the PLIF images, especially in the case of PLIF90. Steep slopes are also
found inside the liquid bags/ligaments that are generated during the impact of droplets onto the film surface,
as well as in the periphery of bubbles trapped inside the film (which is a very frequent phenomenon, as
evidenced by the frames presented in Fig. 15), also resulting in local overestimations by BBLIF.
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Figure 15: Example results showing the recovered location of the gas-liquid interface as identified by: (a, b)
PLIF70 and BBLIF, and (¢, d) PLIF90 and BBLIF, in flows with: (a, ¢) Rer = 300 and Rec = 78,600, and (b,
d) Rer = 1,330 and Reg = 52,400.

In Fig. 15, we present some examples of film-thickness measurements recovered by PLIF90, PLIF70
and BBLIF under highly sheared (and thus highly agitated and aerated) annular-flow conditions that
demonstrate the range of results that can be obtained by these techniques. In some cases, the agreement is
acceptable and in others the PLIF and BBLIF data are not in good agreement. The BBLIF data contain many
narrow peaks, which appear either due to local steep interface-slopes due to waves or due to bubbles
entrained in the liquid. In the thin base film ahead of large waves, when a smooth-interface is encountered
along the waves, PLIF typically overestimates the film thickness locally.

4. Quantitative comparisons

The theoretical framework developed in Section 2 and the frame-by-frame comparisons in Section 3 have
provided us with a better understanding of the strengths and weaknesses of the two LIF techniques. We now
proceed to direct quantitative comparisons of film-thickness data that were recovered simultaneously in our
flows of interest by PLIF (4p) and BBLIF (/gg). Specifically, we compare mean film-thickness, film-
thickness standard deviation and film roughness data in Section 4.1, and compile joint probability-density
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distributions of film thickness in Section 4.2. Finally, we propose corrections to raw PLIF and BBLIF data
depending on the wave regime and measurement configuration characteristics.

4.1. Statistical moments

In Fig. 16, we present film-thickness statistics recovered by the employment of PLIF90, PLIF70 and BBLIF
over a range of liquid and gas flow-rates. Two gas velocities are selected for these comparisons: i) Reg = 0
which relates to falling films, and ii) Rec = 52,400 which triggers a significant increase in the film
roughness. In Fig. 16(a), the mean film thicknesses, (%), which are calculated using the entire h(x,t) datasets
from each flow condition are plotted as a function of the flow Re.. When Reg = 0, {(hgg) matches the
predictions by the Nusselt solution to the Navier-Stokes equation, especially below Re. = 500. For these
laminar flows with (largely) smooth interfaces, BBLIF can be considered a reliable measurement technique.
Local errors due to the effects of steep or 3-D waves are less frequent in these flows and will not
significantly affect this average measurement. Above this Re. value, both the BBLIF and PLIF data show a
slight increase; a behaviour that has been observed by many researchers in the past and that has been
attributed to the transition from laminar to turbulent flow (see, e.g., Mudawar and EI-Masri, 1986). PLIF90
and PLIF70 display consistently higher (%) values in the same flow conditions, which is attributed to the
mirror effect. Specifically, the mean film-thicknesses measured by PLIF90 are typically ~ 30 % higher than
those measured by BBLIF (see Fig. 16(a)), while in the case of PLIF70 the deviation is higher. As shown in
Fig. 16(b), the ratio between the PLIF and BBLIF (4) data decreases with increasing Re. (and, hence, with
increasing film thickness), in accordance with the prediction provided in Fig. 10(c). For films at higher Re(, a
general underprediction of the mean film-thickness is expected by BBLIF owing to the limitations associated
with the maximum film-thickness measurement discussed in Section 2.3.

The imposition of a co-current gas shear results in a decrease in the average film-thickness
measurements by all three methods. The mean film-thickness values by PLIF90 now lie both above (low
Rer) and below (high Re.) those by BBLIF. PLIF70 still yields larger values than both PLIF90 and BBLIF,
though both ratios between PLIF and BBLIF decrease with increasing Re., which suggests that the mirror
effect is strongly suppressed by the three-dimensionality of the interface. Evidence to support this statement
comes mainly from the PLIF90 results, which are now lower than BBLIF. In the BBLIF measurements, the
frequent passage of bubbles is now most probably contributing to significant overestimations locally (at the
edges of the bubbles) and underestimations locally over the bulk of the bubbles, which would impact the
mean, but even more so the higher order statistics of the film-thickness measurement. At the highest Re., the
ratio between PLIF90 and BBLIF drops well below unity, to 0.75 at Re,. = 1,330.
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Figure 16: Film-thickness statistics obtained by the three LIF techniques (BBLIF, PLIF70 and PLIF90), for
flows with Reg = 0 and Reg = 52,400, over the entire range of examined Re.: (a) mean film-thicknesses data,
(b) ratios of the mean film-thicknesses measured by different PLIF approaches to those measured by BBLIF,
(c) film-thickness standard deviation data, and (d) film roughness data.

Alongside the mean film-thickness results, absolute film-thickness standard deviations, on, and film
roughness, on/(h), results were also generated from the same datasets (see Fig. 16(c) and 16(d)) in order to
examine how these statistical measures of the film waviness compare between the different techniques.
When Reg = 0, the two PLIF techniques reveal the same overall trend for on as Rey is increased; a steep
increase up to Re. = 500, a drop at Re,. =~ 800, followed by a further rise. The on results obtained by BBLIF,
in contrast, show a more gradual increase at progressively higher Re.. The deviations between PLIF and
BBLIF can be attributed mainly to the interface three-dimensionality.

In Fig. 16(d), we plot the (relative) film roughness, on/{%), as a function of the flow Re_ for the same
range of flow conditions. In the falling films, we observe that the higher film roughness values we recover
from all three techniques match relatively well. Although the absolute film thickness on measured by BBLIF
increased gradually with Rey, here on/(h) experiences a maximum at intermediate Re. and a sharp rise at the
highest Re., which is captured by all techniques. In rough films, the on measured by PLIF90, PLIF70 and
BBLIF lie much closer, however, we expect that bubbles and other interfacial complexity is most probably
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leading to the higher on/(4) in the case of BBLIF. Consequently, the BBLIF data lie higher than the PLIF90
data, and are almost twice as high as the PLIF70 data for the same flow Re,.

4.2. Probability density distributions

In this section, we present joint probability-density distributions, P(/4p,/ss) With each {f,x}-combination in our
film-thickness records contributing the N measurement point in a 2-D bin, where the horizontal coordinate
represents the /spp data and the vertical coordinate represents the Ap data (Figs. 17 and 18). In Fig. 17, we
examine the effect of the liquid and gas flow rates on distributions compiled using PLIF70 and BBLIF data
from flows with Rer = 300 (left column) and Rer = 1,330 (right column), and Reg = 0 (top row column) and
Reg = 52,400 (bottom row). The red lines represent 4p = hpp, while the black lines show the predicted film-
thickness for PLIF70 considering the overestimation due to the mirror effect as per Fig. 10. For the falling films
(i.e., when Reg = 0), which are relatively smooth, the data follow the prediction based on Eq. (6) quite well,
although we observe a larger scatter in the data at the higher liquid flow rates (and Rer) and a deviation in
thicker film regions. Thus, for most cases with Reg = 0 and low Rey, the discrepancy between PLIF and BBLIF
can mostly be described by the mirror effect. The excellent correspondence observed in the former case
provides further evidence of the reliability of BBLIF when applied in smooth film flow regimes and regions.

Another interesting observation in Fig. 17(b) concerns the local deviations at higher film thicknesses for
the flow cases with Rec = 0, and specifically the saturation-like behaviour when /g > ~1.5 mm. As
mentioned in Section 2.3, this behaviour is attributed to the narrow thickness of the laser-sheet and relative
angle between the excitation laser-sheet plane and the optical axis of the BBLIF camera, which limit the
maximum thickness that can be accurately measured by BBLIF setup, but also because the absorption that
BBLIF relies upon is inherently nonlinear and saturates progressively for thicker films. In standalone BBLIF
applications, these limitations can be reduced by careful selection of the dye concentration and laser
intensity, and/or the employment of a narrower viewing angle and a thicker laser sheet, or 3-D BBLIF
configuration as in Alekseenko et al. (2012) and Cherdantsev et al. (2014), however, this practice will lead to
additional off-axes reflection errors at the complex 3-D interface whose influence on the total emission will
be exacerbated, leading to significant local overestimations and/or smoothing and loss of spatial resolution.

Prior to the transition to the rough-film regime (i.e., in the range of Reg from 0 to ~30,000), the shapes
of the distributions do not vary significantly with the flow Rer. Beyond this transition, however, the
distributions show more significant scatter. Though the majority of data points still tend to group around the
black lines, at the higher liquid and gas flow rates (see, Fig. 17(d)), a significant fraction approaches the /g
= hp line. In Sections 3.5 and 4, we noted that the rough surface of the disturbance waves suppresses the
mirror effect, and that the presence of complex interfaces over or inside the liquid films results in local
overestimations of the film-thickness by BBLIF. Increasing the gas velocity also results in a gradual
shrinking of the range of observed film thicknesses for a fixed Rey.
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Figure 17: Joint-probability density distributions compiled using PLIF70 and BBLIF data for flows with
Rer =300 (left column), Rer = 1,330 (right column), Reg = 0 (top row) and Reg = 52,400 (bottom row). The
colour scale indicates the joint probability, P(hp,hss), with contours, encompassing, respectively, 50 %, 80 %,
90 %, 95 %, 98 % and 99 % of all data points. The red line corresponds to /p = sgg and the black line shows
the predicted film-thickness based on Eq. 6 and Fig. 10.

In Fig. 18, we revisit these results by employment of PLIF90 instead of the PLIF70 data. For the falling
films, most data lie between the black and red lines, except at locally thick films (see Fig. 18(b)) where
BBLIF shows a saturation-like behaviour similar that discussed in Fig. 17(b). These results suggest a
weakening of the mirror effect and a stronger effect of the circumferential slopes of the film surface in the
PLIF90 measurements compared to PLIF70 (see Section 3.3). With increasing gas flow rates, the data scatter
increases and a significant fraction of PLIF90 data-points now lie below the /#p = Apg line. This finding is in
line with the similar observation in Fig. 17 and suggests an overestimation of film-thickness by BBLIF in the
presence of multiple and complex interfaces that are now encountered more frequently in these highly three-
dimensional flows, as discussed earlier. As a result of these combined effects, the correspondence between
PLIF90 and BBLIF is reduced compared to that between PLIF70 and BBLIF.
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Figure 18: Joint-probability density distributions compiled using PLIF90 and BBLIF data for the same flows
as in Fig. 17 with Rer = 300 (left column), Rer = 1,330 (right column), Reg = 0 (top row) and Reg = 52,400
(bottom row). For notation see Fig. 17. The red line corresponds to A#p = Agp and the black line shows the
predicted film-thickness based on Eq. 4 and Fig. 10.

4.3. Correction procedures for standalone applications of PLIF and BBLIF

Amongst the two PLIF methods, PLIF70 has a lower dynamic range and sensitivity (for the same optical
arrangement) than PLIF90 and is affected by the mirror effect to a larger extent, but is also less vulnerable to
the three-dimensionality of the film which is increasingly important when requiring accurate
spatiotemporally resolved information in flows with larger and more complex interfacial waves.
Furthermore, in flows with smooth films regions for which BBLIF can be considered a reliable measurement
technique, measurements by PLIF70 and BBLIF show a better agreement (higher correlation), whereas those
by PLIF90 and BBLIF show a closer absolute numerical consistency but lower correlation in terms of trends,
largely due to interfacial three-dimensionality which affects PLIF differently to BBLIF. Therefore, both PLIF
techniques can be used subject an appreciation of their respective strengths, weaknesses and different errors,
and specifically PLIF70 can be considered a reliable measurement in standalone applications especially in
flows with complex interfaces, although it is necessary in this case to account for the stronger mirror effect it
experiences in order to reduce the overall measurement error.

A correction procedure for PLIF70 is proposed here, which includes the recalculation of /p into a
corrected film thickness using the analytical expressions provided in Section 3.2 for the smoother regions of
the flow; when the interface is agitated, for example along the disturbance waves, /p should be taken as is.
Unfortunately, it is difficult to identify the disturbance waves based on the local value of /p as the height of
the base-film is often overestimated due to the mirror effect, causing a strong overlap between the /p
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corresponding to the base film and the waves. Instead, the disturbance waves can be identified based on their
spatiotemporal behaviour, as was done by Alekseenko et al. (2014).

BBLIF can also be applied as a standalone technique, and when the film surface is smooth, does not
require systematic corrections (although any random errors may be quite high; see Section 2.3). When large
optical distortions ensue at the steep slopes of interfacial waves, however, it is difficult to recover the true
interface shape due to the complex redistribution of the emitted light. On the other hand, these distortions can
in some cases be identified and suppressed based on their shape, especially in simpler flows. Distortions with
small longitudinal scale such as those encountered around isolated bubbles (see, for example, Fig. 14(a)) can
be removed by application of median filtering to the obtained /gp(x) data. Larger distortions, such as those
appearing at the fronts of the waves (see Figs. 12 and 15(a, b)), can again be identified from the slopes of the
hge(x) signals, and be partially accounted for. The procedure we propose comprises two main steps. Firstly,
film regions with d/igg(x)/dx>1 are identified; this condition corresponds roughly to occurrence of TIR in the
BBLIF measurements. For each such region, an area behind and an area ahead of it are identified using the
criterion d/gg(x)/dx < —1, which signifies the onset of the distorted region of the signal. The leftmost point of
the first area, xi, and the rightmost point of the second area, x,, are marked as the borders of the distorted
region, x>—x1, which is further processed if it extend by 50 pixels, or 1.34 mm, or less. These values are of
course open to fine-tuning and a result of compromises based on the particulars of the BBLIF measurement
implementation. Increasing this length further may result in overlapping of different distortion regions.
Secondly, a parabolic approximation of the array {iss(xi—1), /#ss(x1), AsB(x2), ABB(X2T1)} and respective x-
coordinates are constructed between locations x; and x;. If the sum of this approximation is less than the
original sum of /gp(xi:x2), then the approximation is included in the film-thickness record in place of the
original /gg values. It should be noted that we do not attempt to recover the true local film-thickness by
employment of this procedure, but rather to discard any film-thickness values that are considered erroneous.

Examples of the application of the correction procedures described above, for both PLIF70 and BBLIF,
are shown in Fig. 19 in the thin-film and large-wave regions of two flow regimes featuring disturbance
waves. In particular, Fig. 19(a) and (c) show measurements recovered along the base film, with the corrected
PLIF and BBLIF signals showing good agreement. The PLIF signals were corrected for the mirror effect,
while the peaks around the bubbles were removed from the BBLIF signals. It can be seen from these figures
that the proposed corrections introduce changes to the film thickness characteristics, which vary strongly
with the local film thickness and interface structure, as well as other flow features such as bubbles inside the
liquid film; nevertheless, the profiles in Fig. 19 reveal qualitatively the improvement in the match between
the two techniques after the corrections are applied in these selected cases.

Furthermore, and arguably more importantly given the role of disturbance waves in these flows,
Fig. 19(b) and (d) show measurements of highly agitated and aerated disturbance wave regions, where the
roughness of the film suppresses the mirror effect, and which also boosts the apparent film-thickness
measurement by BBLIF. Interestingly, the two techniques do not show good agreement along the presented
wave topologies, which highlights the inherent difficulties in conducting space- and time-resolved
measurements in such flow conditions by employment of optical diagnostic techniques and suggests that
further work is necessary to overcome various and diverse error mechanisms.
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Figure 19: Correction procedure applied to PLIF70 and BBLIF data for flows with (a), (b) Rer = 300 and
Reg = 78,600, and (¢), (d) Rer = 1,330 and Reg = 52,400. The examples presented here relate to the base film
(a, ¢) and the disturbance waves (b, d).

5. Conclusions

A detailed experimental investigation was performed involving the simultaneous application of two advanced
optical methods for spatiotemporally resolved film thickness measurements, namely Planar Laser-Induced
Fluorescence (PLIF) and Brightness-Based Laser-Induced Fluorescence (BBLIF), to co-current downward
annular gas-liquid flows. Both techniques employ the principle of laser-induced fluorescence, but different
methods for the film thickness calculation are used, making the techniques independent of each other. In the
present set of experiments, the two techniques were deployed simultaneously using the same laser sheet as
the excitation source, which also made it possible to perform direct comparisons of the two methods. The
effect of the PLIF angle in the implementation of this technique was also considered. Specifically, in addition
to the standard configuration in which the PLIF camera axis is positioned normal to the laser sheet plane
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(referred to as PLIF90), a second configuration with the camera axis at an angle of 70° relative to the laser
sheet (PLIF70) was also employed. New algorithms for PLIF image post processing are proposed, along with
new approaches to obtain the required reference signal for BBLIF in the case of hydrophobic pipe materials.

Haber et al. (2015) predicted theoretically using ray-tracing analysis that the ‘mirror effect’, caused by
total internal reflection of the fluorescent light at the gas-liquid interface, can lead to the appearance of a false
image of the liquid film above the true interface and an overestimation of the film thickness by PLIF90. In the
present work, the existence of this effect was confirmed experimentally for both PLIF90 and PLIF70 in the case
of smooth and flat film regions, i.e., at low liquid and gas flow rates. Interestingly, bright or dark lines were
occasionally observed inside raw PLIF images. As a general rule, the position of such lines agreed well with
film thickness measurements by BBLIF, which suggests that these correspond to and indicate the real position
of the interface. The overestimation of the film thickness due to the mirror effect by both PLIF90 and PLIF70
was evaluated in waveless films and showed good agreement with the experimentally measured ratio of film
thickness measured by PLIF to that measured by BBLIF for a smooth and flat interface. At higher flow rates,
especially of the gas, the interface became generally less smooth interface and it was found that in rougher
wave regions, e.g., over disturbance waves, the mirror effect was much weaker, and eventually disappeared,
due to scattering at the interface. In order to improve the PLIF method for standalone applications, a correction
procedure was proposed (in Section 4.3) based on compensation for the mirror effect in smooth film regions
and keeping the measured values otherwise.

BBLIF was found to be a reliable measurement method of film thickness in smooth and flat film regions
(at free-surface angles up to ~40 — 45 ° to the horizontal), but can be affected by a loss of signal sensitivity
and saturation in thick film regions, and is vulnerable to reflections of light through complex or multiple
interfaces in agitated and/or aerated flow regions with significant wave activity that would appear with
increasingly frequency at higher flow rates. It was also observed that BBLIF can lead to significant local
overestimations of the film thickness in regions with higher interfacial slopes and/or curvature, e.g., at the
fronts of the fast ripples, around bubbles and over disturbance waves, or localized underestimation in regions
with multiple interfaces, which become progressively worse as the angle of total internal reflection is
approached or exceeded. Such distortions may be reduced using the procedures suggested in Section 4.3.
Issues relating to the dynamic range of the BBLIF measurement, its reduced measurement sensitivity and
possible signal saturation especially when measuring thicker films in flows with large variations in film
thickness need to be considered carefully in the experiment design stage, i.e., in selecting compromises
between the BBLIF camera angle, dye concentration, exposure and other camera settings.

Both PLIF and BBLIF are also vulnerable to errors introduced by interfacial wave three-dimensionality,
and in particular azimuthal/circumferential non-uniformity, which in the case of PLIF may lead to local film
thickness underestimation and in the case of BBLIF to overestimation and reduced spatial resolution. Smaller
angles between the laser sheet and the camera axis make the PLIF measurement less susceptible to this error.

Despite the much improved understanding of the strengths and limitations of the two LIF methods, non-
trivial challenges remain in further reducing measurement errors and recovering more reliable and accurate
information on the shape of more complex interfacial flows and phenomena, such as disturbance waves.
These waves contain all the aforementioned possible sources of error, such as thick film regions and waves
with significant three-dimensionality, steep slopes, high curvature, multiple scales and speeds, and highly
agitated interfaces with multiple bubbles and droplets, which will affect any optical technique. The accurate
measurement of disturbance waves remains a significant challenge for experimentalists, and new advances in
this area, based on either LIF principle or (strongly recommended) hybrid combined methods, are required.
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