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ABSTRACT

Understanding the physics that underpins the behaviours of two-phase flows is immensely useful for a diverse num-

ber of industries, including oil and gas, nuclear and aerospace. Stratified air-liquid two-phase flows are amenable to

the application of two-phase PIV but this is often only possible if PIV processing parameters can be chosen to match

the separate gas and liquid phase image sets. Accurate interface location detection is therefore extremely important to

facilitate appropriate masking during analysis. This paper examines the effectiveness of using the Structured-Planar

Laser-Induced Fluorescence (S-PLIF) method to aid in the accurate capture and processing of simultaneous two-phase

PIV (S2P-PIV) for a gas-sheared liquid flow. Prior S2P-PIV work made use of direct interface detection, using contrast

on images from the air-side camera. However, this method proved limiting in higher gas-shear cases, when the highly

wavy nature of the flow prevented the camera from seeing all of the interface. An alternative prior approach using the

liquid-side camera and the planar laser-induced fluorescence (PLIF) technique often led to large errors due to reflec-

tions from the free surface. Interface detection using the S-PLIF method facilitates a clearer delineation between the

two phases, through analysis of the change in structure of the incident light, significantly reducing errors generated

by the traditional PLIF. This then facilitates higher quality PIV analysis, both because interface identification is far

more accurate and also because frame specific masking, of the individual phases, can be more automated. This paper

presents air/water data from a rectangular channel with a liquid flowrate of 8 litres per minute and superficial gas

velocities in the range 1 - 14 ms−1. Data capture of the two phases is concurrent with the developed S-PLIF approach

used to locate the interface, enabling separate and more accurate PIV analysis of the two phases over a wider para-

metric range than was previously possible. The data analysis shows that the transition to the disturbance/roll wave

regimes is associated with a change in the liquid’s axial velocity profile and a significant increase in normalised axial

velocity root-mean-square velocity fluctuation. Data-sets from this work can be used to accurately describe high-speed

gas sheared two-phase flows that will be extremely useful for CFD model development and validation.

1. Introduction

Understanding the physics that underpins the behaviours of two-phase flows is immensely useful
for a diverse number of industries, including oil and gas, nuclear and aerospace. Multiphase flow
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has therefore been a popular topic of research for decades. The academic and industrial dedication
to the field has brought with it a multitude of developments in the techniques used to measure and
validate the relevant fundamental physics. The advancements made in optical capture methods
have created a dependable platform for the sector, leading to the generation of more accurate
and precise data-sets. These can be used in the development of more robust and reliable CFD
models, ultimately facilitating the creation of more environmentally friendly and cost-effective
design solutions.

The work presented in this document introduces part of an ongoing research project in which
Structured-Planar Laser-Induced Fluorescence (S-PLIF), coupled with Simultaneous Two-Phase
PIV (S2P-PIV), is used to characterise the behaviour of two-phase gas-sheared liquid flows in a
horizontally orientated rectangular cross-section channel. One of the key, overarching, objectives
of the project is to expand on existing data and understanding of two-phase flow in horizontal
rectangular channels, building on prior work including Fabre et al. (1987), who used LDA and
capacitance probes, Cherdantsev et al. (2014), who used LIF and Cherdantsev et al. (2019), who
applied a combination of brightness-based LIF and PLIF. This specific publication focuses on doc-
umenting the developments centred around the experimental techniques used for the data capture
and analysis, in particular, using S-PLIF to aid in the correct processing of two-phase PIV work.

The S-PLIF method was developed by researchers at Imperial College London with successive
developments documented in Charogiannis et al. (2018), Charogiannis & Markides (2019) and
Charogiannis et al. (2019). S-PLIF was developed largely in parallel with research validating pla-
nar laser-induced fluorescence (PLIF) data using the brightness-based laser-induced fluorescence
(BBLIF) technique as documented in Cherdantsev et al. (2018), with further development in Cher-
dantsev et al. (2019).

In Cherdantsev et al. (2018) and Cherdantsev et al. (2019), a single, non-structured, laser sheet was
used to excite fluorescent dye in the liquid film of an annular air-water two-phase flow inside a
vertically orientated Fluorinated Ethylene Propylene pipe (material chosen to match the refractive
index of water). The researchers used two cameras to capture the results of each technique simul-
taneously, to allow for a direct temporal comparison. Their experiments investigated the flow in
various states and some of the findings showed that when the gas-liquid interface was smooth, the
PLIF method overestimated the film thickness as a result of the reflection of the excited light on
the free surface. They also found that over estimation increased with decreasing angle between the
axis of the laser sheet and the camera. While it was found that areas of the images that captured
local features recorded as light intensity maxima or minima were better estimated by the PLIF cap-
ture, areas of the capture where there were steep slopes or where the film was agitated caused over
estimation of film thickness when using the BBLIF method.

In 2019, Charogiannis et al. (2019) published work that described a novel adaption of the PLIF
method, namely the structured-PLIF method, which uses a structured light sheet instead of an
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unstructured one. It was found that the columns of light that were formed could be used to re-
duce/eliminate the errors in PLIF-derived film thickness measurements. The regular spatial mod-
ulation of laser light created alternating bright and dark regions where, at the true surface, the
bright columns would change direction or distort (depending on the regime of the flow), allowing
for the gas-liquid interface coordinates to be more accurately estimated. This ultimately helped to
eliminate the error created by reflections at the free surface. In their work, Charogiannis et al. also
experimented with the capture of simultaneous S-PLIF and PIV measurements in the liquid phase.

The research presented in this paper takes the methodology presented in Charogiannis et al. (2019)
a step further by using the S-PLIF method to aid in the capture and processing of simultaneous
two-phase PIV (S2P-PIV). However, in contrast to the original annular flow work, the presented
research looks at gas-sheared liquid two-phase flow in a horizontally orientated rectangular cross-
section duct. For most of the cases, the flow was stratified with the bulk of the liquid phase travel-
ling along the lower section of the channel and the gas phase travelling along the upper section of
the channel. This allows for capture of the two phases separately, but simultaneously.

Figure 1 shows example images which highlight signature features of the target flows that this
research aims to characterise.

Figure 1. Sample frames from BBLIF image data (Abou Sherif et al. (2023)): (a) 2D regime (b) 3D regime (c)
disturbance regime

These images were taken on the rig described in Section 2, using the BBLIF method in a separate
experimental campaign Abou Sherif et al. (2023). The images were captured from below with the
camera sensor parallel to the channel base, therefore only the liquid phase is visible. The brighter
parts of each image denote increased liquid thickness and the darker parts signify decreased liquid
thickness. Fig. 1a shows the surface condition in the 2D regime flow state, where the waves
observed are small in amplitude, have large wavelengths and extend the entire span of the channel.
Therefore the resultant brightness across the image is relatively uniform. Fig. 1b shows the surface
condition in the 3D regime flow state, where small amplitude ripple waves are scattered across
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the surface. These are denoted by the dimmer parts of the image (wave troughs) and the brighter
parts (wave peaks). Finally, Fig 1c shows the disturbance wave regime state, where sweeping roll
waves travel along a base film of 3D ripple waves all moving in the streamwise direction. The roll
waves move at a higher relative speed to the base film. The presence of roll waves is made evident
by the passing, brighter, feature that can be seen in the centre of the example frame of Fig. 1c.

Figure 2. BBLIF water only two-phase flow pattern map

Figure 2 shows a flow regime map from BBLIF work on this rig, presented at the 11th International
Conference on Multiphase Flow (Abou Sherif et al. (2023)). The regime transition regions defined
on this flow pattern map were characterised by tracking the change in mean film thickness regres-
sion trends and data skewness. From this we can see that the transition from 2D to 3D regime
occurred, for most of the liquid flow rate cases, at USG = 4 ms−1. And transition into the distur-
bance regime occurred at USG = 10 ms−1 between USL = 0:015 ms−1 and USL = 0:031 ms−1. We
are particularly interested in the 8 LPM case for the present research.

This regime map introduces some of the topics discussed in this paper, where trends in the first and
second order statistics, of the velocity vector maps, will be used to aid in characterising transition
into the disturbance regime, corroborating that of the BBLIF data presented on Fig 2.
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2. Experimental test facility

2.1. Two-phase flow rig

Experimental work on versions of the test facility illustrated in Figure 3 has been conducted, in
abundance, in the past and the rig and experimental outcomes are documented in the literature.
Particularly relevant are Hann et al. (2018) who investigated bubble entrapment, Sinha et al. (2021)
who extended the bubble entrapment work through varying liquid properties and more recently,
Cherdantsev (2023), who investigated disturbance waves. In this current research the main rig and
methodology developments are concerned with the acquisition setup and the use of S-PLIF aided
S2P-PIV.

Figure 3. Experimental test rig

The main rig is centred around a 2-meter-long channel with width and height cross-sectional di-
mensions of 0:166 m x 0:028 m. The liquid phase was introduced using a centrifugal pump and
entered the channel through a spiral entry plate into the lower half of the channel (a closed loop
system was used to recirculate the the liquid flow). The liquid flow rate was measured and mon-
itored using a calibrated rotameter. A constant velocity air blower was used to introduce external
ambient air, passing it through a honeycomb grid, to flatten the flow profile, before it entered the
upper section of the channel. The air flow was monitored using an orifice plate, calibrated to veloc-
ity measurements taken at the test/acquisition section during work conducted prior to this. The
acquisition section was located 1:45 m (L=Dh = 30) downstream of the duct inlet.
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2.2. Optical acquisition apparatus setup

Figure 4 shows the con�guration of the acquisition equipment used in the capture of the S-PLIF
coupled with S2P-PIV while Figure 5 shows a photograph of the rig and equipment in operation.
Two Phantom v12.1 high-speed cameras were used to capture 12-bit images, each with an image
size of 1280 x 800pixels. The cameras were synchronised with a 15 mJ Litron laser ( 527nm wave-
length) in a way that created a setup for double laser pulse and corresponding camera exposure.
The air-side (upper) camera was tilted down at 2� and captured the light that scattered off the air
seeding particles illumined directly by the laser, through the channel side wall. A Dantec Dynam-
ics seeding generator was used to introduce a water-Glycerol (Glycerol 7% concentration) mist into
the air stream, with a mean particle diameter of 3 �m . This air seeding was fed into the �ow up-
stream of the honeycomb grid, with seeding �ow rate monitored using an inline calibrated mass
�ow meter.

Figure 4. S-PLIF coupled S2P-PIV instrumentation setup
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